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Abstract
This paper investigates how taxes affect relative mobility in the income distribution in the 
US. Household panel data drawn from the PSID between 1967 and 1996 is employed 
to analyse the relationship between marginal tax rates and the probability of staying in 
the same income decile. Exogenous variation in marginal tax rates is identified by using 
counterfactual rates based on legislated changes in the tax schedule. I find that higher 
marginal tax rates reduce income mobility. An increase in one percentage point in marginal 
tax rates causes a decline of around 0.8 percentage points in the probability of changing to 
a different income decile. Tax reforms that reduce marginal rates by 7 percentage points are 
estimated to account for around a tenth of the average movements in the income distribution 
in a year. Additional results suggest that the effect of taxes on income mobility differs according 
to the level of human capital and that it is particularly significant when considering mobility at 
the bottom of the distribution.
Keywords: income mobility, inequality, marginal tax rate.
JEL classification: E24, E62, D31, D63, H24, H31.
Resumen
En este documento se investiga cómo los impuestos afectan a la movilidad relativa en 
la distribución de la renta en Estados Unidos. En particular, este estudio utiliza datos de 
hogares procedentes del PSID entre 1967 y 1996 para analizar la relación entre cambios 
en los tipos marginales y la probabilidad de permanecer en el mismo decil de renta. La 
estrategia de identificación se basa en explotar variación exógena en los tipos marginales 
construyendo unos tipos contrafactuales basados en cambios legislativos en las escalas 
de gravamen. Se encuentra que tipos marginales más altos reducen la movilidad entre 
distintos tramos de renta. Un incremento de 1 punto porcentual en el tipo marginal causa 
una reducción de alrededor de 0,8 puntos porcentuales en la probabilidad de cambiar a 
otro decil de renta. De esta forma, una reforma fiscal que reduce los tipos marginales en 
7 puntos porcentuales podría explicar alrededor de un décimo de la probabilidad media de 
que un hogar experimente cambios en su posición en la distribución de la renta. Algunos 
resultados adicionales sugieren que el efecto de los impuestos en la movilidad en la renta 
difiere según el nivel de capital humano y que es particularmente significativo cuando se 
analiza la movilidad en la parte baja de la distribución de la renta. 
Palabras clave: movilidad en renta, desigualdad, tipos marginales.
Códigos JEL: E24, E62, D31, D63, H24, H31.
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R AMi`Q/m+iBQM
h?2 Hbi 7Qm` /2+/2b ?p2 rBiM2bb2/  bmbiBM2/ BM+`2b2 BM BM+QK2 M/ r2Hi? BM2[mH@
Biv BM i?2 la- T`iB+mH`Hv i i?2 iQT 2M/ Q7 i?2 /Bbi`B#miBQMXR h?Bb T?2MQK2MQM ?b
`2+2Bp2/ bm#biMiBH ii2MiBQM BM +/2KB+ `2b2`+?-k TQHB+v /2#i2b b K2MiBQM2/ BM
S`2bB/2Mi P#KǶb 1+QMQKB+ _2TQ`i Ub22 *QmM+BH Q7 1+QMQKB+ /pBb2`b UkyR8VV- M/
TQTmH` QTBMBQM U2X;X T`Qi2bi KQp2K2Mib bm+? b P++mTv qHH ai`22iVX b MQi2/ BM `@
`Qr M/ AMi`BHB;iQ` UkyR8V- BM2[mHBiv Bb  ?B;?Hv `2H2pMi MQ`KiBp2 Bbbm2- bBM+2 bQ+B2iv
T2`+2Bp2b M mM2[mH /Bbi`B#miBQM Q7 BM+QK2 b M mMDmbi Qmi+QK2 Q7 K`F2i 2+QMQKB2bX
>Qr2p2`- i?2`2 `2 Qi?2` 72im`2b Q7 i?2 BM+QK2 /Bbi`B#miBQM #2vQM/ BM2[mHBiv i?i
?p2 r2H7`2 BKTHB+iBQMb 7Q` i?2 bQ+B2iv M/ `2 `2H2pMi 7`QK  TQHB+v TQBMi Q7 pB2rX
Pp2`HQQFBM; bQK2 Q7 i?2b2 bT2+ib Kv vB2H/ M BM+QKTH2i2 Q` BM++m`i2 TB+im`2 Q7 i?2
2z2+ib Q7 TQHB+B2b i?i //`2bb 2+QMQKB+ /BbT`BiB2bX
h?Bb TT2` HQQFb i i?2 BKT+i Q7 }b+H TQHB+v QM MQi?2` bT2+i Q7 i?2 BM+QK2
/Bbi`B#miBQM /Bz2`2Mi iQ BM2[mHBivX S`iB+mH`Hv- A BMp2biB;i2 i?2 `2HiBQMb?BT #2ir22M
it2b M/ BM+QK2 KQ#BHBivX q?BH2 BM2[mHBiv `2~2+ib +?M;2b BM i?2 p`BM+2 UM/
?B;?2` KQK2MibV Q7 i?2 BM+QK2 /Bbi`B#miBQM- BM+QK2 KQ#BHBiv Bb i?2 `2bmHi Q7 p`BiBQMb
BM i?2 +Qp`BM+2 Q7 BM+QK2 #2ir22M irQ T2`BQ/b Q7 iBK2Xj 6Q` Mv ;Bp2M H2p2H Q7
BM+QK2 BM2[mHBiv- KQ#BHBiv `2/m+2b i?2 bbQ+BiBQM #2ir22M i?2 TQbBiBQMb Q7 Q`B;BM M/
/2biBMiBQM BM i?2 BM+QK2 /Bbi`B#miBQM- BM+`2bBM; 2[mHBiv Q7 QTTQ`imMBivX h?2`27Q`2- iQ
i?2 2ti2Mi i?i BM+QK2 KQ#BHBiv Bb  /2bB`#H2 72im`2 Q7 M 2+QMQKv- Bi Bb i?2M `2H2pMi
iQ +QMbB/2` ?Qr }b+H TQHB+v Kv z2+i BiX9
A MHvb2 i?2 BKT+i Q7 it2b QM i?2 T`Q##BHBiv Q7 KQpBM; BM i?2 BM+QK2 /Bbi`B#m@
iBQM BM i?2 la mbBM; /i 7`QK i?2 SM2H aim/v Q7 AM+QK2 .vMKB+b USaA.VX A K2bm`2
BM+QK2 KQ#BHBiv b +?M;2b BM i?2 `2HiBp2 TQbBiBQM Q7 ?Qmb2?QH/b BM i?2 BM+QK2 /Bb@
i`B#miBQM UBX2X +?M;2b BM /2+BH2b Q` [mBMiBH2bV +`Qbb iBK2X AM+QK2 Bb /2}M2/ b i?2
/Dmbi2/ :`Qbb AM+QK2 U:AV Q7 i?2 ?Qmb2?QH/X A bb2bb i?2 /2;`22 Q7 KQ#BHBiv +`Qbb
i?`22 bT2+B}+iBQMb 7Q` i?2 BM+QK2 /Bbi`B#miBQM i?i +QMbB/2` T`2@it BM+QK2- TQbi@it
BM+QK2 M/ TQbi@it M/ TQbi@i`Mb72` BM+QK2 `2bT2+iBp2HvX h?2M- A +QMbi`m+i i?2 72/@
Ra22 SBF2iiv M/ a2x UkyyjV 7Q` HQM;@`mM i`2M/b BM BM+QK2 BM2[mHBiv M/ a2x M/ wm+KM UkyR9V
Q` Zm/`BMB M/ _őQb@_mHH UkyR8V 7Q` i?2 +b2 Q7 r2Hi?X
kSBF2iiv UkyR9V T`QpB/2b 2ti2MbBp2 2pB/2M+2 Q7 BM+QK2 M/ r2Hi? BM2[mHBiv `QmM/ i?2 rQ`H/ r?BH2
aiB;HBix UkyRkV ?B;?HB;?ib Bib +QMb2[m2M+2b, ǳi?2 BKT+i Q7 BM2[mHBiv QM bQ+B2iB2b Bb MQr BM+`2bBM;Hv
r2HH mM/2`biQQ/ @?B;?2` +`BK2- ?2Hi? T`Q#H2Kb- M/ K2MiH BHHM2bb- HQr2` 2/m+iBQMH +?B2p2K2Mib-
bQ+BH +Q?2bBQM M/ HB72 2tT2+iM+vǴ UBMbB/2 +Qp2`VX
ja22 :Qiib+?HF URNNdVX
9EQT+xmF 2i HX UkyRyV `;m2 7Q` i?2 M22/ iQ bim/v BM+QK2 BM2[mHBiv M/ KQ#BHBiv DQBMiHvX AM+QK2
KQ#BHBiv Bb  /2i2`KBMMi Q7 BM2[mHBiv BM i?2 HQM; `mM, r?2M i?2`2 Bb MQ KQ#BHBiv BM i?2 BM+QK2
/Bbi`B#miBQM- b?Q`i@`mM BM2[mHBiv T2`T2imi2bX
2`H BM/BpB/mH it HB#BHBiB2b 7+2/ #v 2+? ?Qmb2?QH/ BM i?2 bKTH2 mbBM; i?2 L"1_
hsaAJ bBKmHiQ`X qBi? i?2b2 /i BM ?M/- A 2biBKi2  HBM2` T`Q##BHBiv KQ/2H iQ
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mM/2`biM/ ?Qr +?M;2b BM i?2 K`;BMH it `i2 z2+i i?2 HBF2HB?QQ/ i?i ?Qmb2?QH/b
`2 KQ#BH2 BM i?2 BM+QK2 /Bbi`B#miBQM /m`BM; irQ /D+2Mi v2`bX Jv B/2MiB}+iBQM
TT`Q+? ++QmMib 7Q` 2M/Q;2M2Biv BM i?2 K`;BMH `i2b #v BbQHiBM; i?2 p`BiBQM BM
it2b i?i Bb QMHv /m2 iQ H2;BbHiBp2 +?M;2bX A 2tTHQBi i?Bb bQm`+2 Q7 2tQ;2MQmb p`BiBQM
b M BMbi`mK2Mi BM i?2 `2;`2bbBQMbX
h?2 `2bmHib Q#iBM2/ bm;;2bi i?i ?B;?2` K`;BMH it `i2b `2/m+2 BM+QK2 KQ#BHBivX
S`iB+mH`Hv- A }M/ i?i M BM+`2b2 Q7 QM2 T2`+2Mi;2 TQBMi UTTV BM i?2 K`;BMH `i2
Bb bbQ+Bi2/ rBi? /2+HBM2b Q7 #Qmi yX8@RXjTT BM i?2 T`Q##BHBiv Q7 +?M;BM; /2+BH2b Q7
BM+QK2X  /2+`2b2 Q7 d T2`+2Mi;2 TQBMib BM i?2 K`;BMH it `i2 UbHB;?iHv bKHH2`
i?M  biM/`/ /2pBiBQM Q7 MQM@x2`Q +?M;2b BM i?2 `i2bV +M ++QmMi 7Q` #Qmi 
i2Mi? Q7 i?2 p2`;2 BM+QK2 KQ#BHBiv BM  v2`X h?2 2z2+i Q7 it2b QM KQ#BHBiv `Bb2b
BM bT2+B}+iBQMb i?i +QMbB/2` BM+QK2 /Bbi`B#miBQMb #Qi? #27Q`2 M/ 7i2` it2b M/
i`Mb72`b- bm;;2biBM; i?i i?2 BKT+i Q7 itiBQM QM KQ#BHBiv ;Q2b #2vQM/ `2/Bbi`B#miBQM
2z2+ibX h?2 2+QMQKB+ K2+?MBbK i?i BM/m+2b i?Bb BKT+i b22Kb iQ #2 `2Hi2/ iQ i?2
H#Qm` K`F2i BM+2MiBp2b +`2i2/ #v +?M;2b BM i?2 it b+?2/mH2X //BiBQMH `2bmHib
bm;;2bi i?i i?2 2z2+i Q7 itiBQM QM BM+QK2 KQ#BHBiv /Bz2`b ++Q`/BM; iQ i?2 H2p2H Q7
?mKM +TBiH UK2bm`2/ b i?2 2/m+iBQM Q7 i?2 ?2/ Q7 i?2 ?Qmb2?QH/V M/ i?i Bi Bb
T`iB+mH`Hv bB;MB}+Mi r?2M +QMbB/2`BM; KQ#BHBiv i i?2 #QiiQK Q7 i?2 /Bbi`B#miBQMX
h?2 2pB/2M+2 i?i it2b ?p2  M2;iBp2 BKT+i QM BM+QK2 KQ#BHBiv ?b BKTQ`iMi
BKTHB+iBQMb 7Q` i?2 /2bB;M Q7 TQHB+B2b i?i BK iQ //`2bb 2+QMQKB+ /BbT`BiB2bX q?BH2
bQK2 bim/B2b ?p2 TQBMi2/ Qmi iQ i?2 BKTQ`iM+2 Q7 T`Q;`2bbBp2 itiBQM BM //`2bbBM;
BM2[mHBiv-8 i?2 `2bmHib 7`QK i?Bb TT2` bm;;2bi i?i bm+? +?M;2b Kv ?p2  /2i`BK2M@
iH BKT+i QM BM+QK2 KQ#BHBivX h?2`27Q`2- i?2 /2bB;M Q7 QTiBKH }b+H TQHB+v b?QmH/
+QMbB/2` i?2 Qp2`HH BKT+i QM r2H7`2 Q7 i?2 i`/2@Qz i?i KB;?i `Bb2 r?2M DQBMiHv
//`2bbBM; BM+QK2 BM2[mHBiv M/ KQ#BHBivX
h?Bb TT2` `2Hi2b iQ /Bz2`2Mi bi`M/b Q7 HBi2`im`2X 6B`bi- Bi Bb +QMM2+i2/ iQ i?2
HBi2`im`2 i?i BMp2biB;i2b i?2 2z2+ib Q7 it +?M;2b QM it#H2 BM+QK2 U2HbiB+Biv Q7
it#H2 BM+QK2- Q` 1hAV- b `2pB2r2/ BM a2x 2i HX UkyRkVX h?Bb `2b2`+? }M/b i?i
it#H2 BM+QK2 QMHv `2+ib KQ/2`i2Hv iQ +?M;2b BM i?2 K`;BMH it `i2Xe J2`i2Mb
UkyRjV bm;;2bib i?i ++QmMiBM; 7Q` 2KTB`B+H /B{+mHiB2b BM i?2 2biBKiBQM Q7 i?2 1hA
8a22 SBF2iiv M/ a2x UkyydV M/ .BKQM/ M/ a2x UkyRRVX
ea2x 2i HX UkyRkV bm;;2bi  `M;2 Q7 2biBKi2b 7`QK yXRk iQ yX9y 7Q` i?2 1hAX h?2 mi?Q`b `;m2
i?i `2bTQMb2b 7Q` i?2 iQT@2`M2`b +M #2 bm#biMiBHHv ?B;?2`X 6Q` 2tKTH2- aH2K`Q/ URNNeV }M/b i?i
i?2 ht _2p2Mm2 +i Q7 RN3e 2tTHBMb iQ  H`;2 2ti2Mi i?2 BM+`2b2 BM `2TQ`i2/ BM+QK2 Q7 i?2 iQT
2`M2`bX
i i?2 ;;`2;i2 H2p2H Ubm+? b TQHB+v 2M/Q;2M2Biv Q` iBKBM;V `2bmHib BM H`;2` 2HbiB+BiB2b
7Q` /Bz2`2Mi BM+QK2 ;`QmTb #2vQM/ i?2 iQT 2`M2`bX Jv TT2` `2Hi2b iQ bQK2 K2i?Q/@
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QHQ;B+H bT2+ib Q7 i?Bb HBi2`im`2-d #mi A 7Q+mb QM i?2 2z2+ib Q7 it2b QM K2bm`2b Q7
?Qmb2?QH/Ƕb KQ#BHBiv +`Qbb i?2 BM+QK2 /Bbi`B#miBQM b QTTQb2/ iQ i?2 BM/BpB/mHǶb `2@
bTQMb2 Q7 `2TQ`i2/ it#H2 BM+QK2 U7Q` i?Bb Tm`TQb2 A 2KTHQv  /Bz2`2Mi ivT2 Q7 /i-
i?2 SaA.- i?i HHQrb K2 iQ +QMi`QH 7Q` `2H2pMi /2KQ;`T?B+ 7+iQ`bVX
Jv TT2` `2Hi2b iQ M 2ti2MbBp2 HBi2`im`2 QM BM+QK2 KQ#BHBiv bm`p2v2/ BM 6B2H/b M/
PF URNNNV M/ C MiiB M/ C2MFBMb UkyR8VX3 1`Hv rQ`Fb QM i?2 K2bm`2K2Mi Q7 BM+QK2
KQ#BHBiv BM+Hm/2 a?Q``Q+Fb URNd3V M/ a?Q``Q+Fb URNd3#V- r?B+? Hv /QrM KMv Q7
i?2 iQQHb +m``2MiHv mb2/ iQ K2bm`2 KQ#BHBivX  MmK#2` Q7 TT2`b ?p2 BMp2biB;i2/
i?2 /2;`22 M/ 2pQHmiBQM Q7 KQ#BHBiv BM i2`Kb Q7 BM+QK2 U#`Q/Hv /2}M2/V M/ 2`MBM;bX
>mM;2`7Q`/ URNNjV mb2b 7KBHv BM+QK2 /i 7`QK i?2 SaA. iQ MHvb2 i`2M/b BM KQ#BHBiv-
7Q+mbBM; QM +?M;2b BM i?2 TQbBiBQM BM i?2 BM+QK2 /Bbi`B#miBQM #2ir22M d v2`@T2`BQ/b BM
#Qi? MMmH M/ T2`KM2Mi BM+QK2X h?2 mi?Q` +QKT`2b KQ#BHBiv #2ir22M i?2 RNdyb
M/ RN3yb iQ }M/ +QMbB/2`#H2 KQp2K2Mi rBi?BM i?2 BM+QK2 /Bbi`B#miBQM UHi?Qm;? ?2
}M/b H2bb 2pB/2M+2 Q7 bBx2#H2 mTr`/ Q` /QrMr`/ KQp2K2MibVX HbQ mbBM; SaA. /i-
:Qiib+?HF URNNdV HQQFb i 2`MBM;b KQ#BHBiv BM QM2@v2` M/ b2p2Mi22M@v2` T2`BQ/bX
h?2 mi?Q` +QM+Hm/2b i?i i?2 /2;`22 Q7 KQ#BHBiv Bb ?B;? 2MQm;? iQ bmTTQ`i i?2 pB2r
i?i T2QTH2 `2 MQi bim+F i i?2 #QiiQK Q` i?2 iQT Q7 i?2 /Bbi`B#miBQMX EQT+xmF 2i HX
UkyRyV 2KTHQvb BM/BpB/mH /i 7`QK i?2 aQ+BH a2+m`Biv /KBMBbi`iBQM iQ BMp2biB;i2
i?2 2pQHmiBQM Q7 #Qi? b?Q`i@i2`K KQ#BHBiv UK2bm`2/ #v +?M;2b BM `MF +Q``2HiBQM BM
v2`@iQ@v2` 2`MBM;b M/ BM KQ#BHBiv BM/B+2b /2}M2/ Qp2` T2`BQ/b Q7 j@8 v2`bV M/ HQM;@
i2`K KQ#BHBiv UBX2X +`Qbb i?2 rQ`FBM; HB72VX JQ`2 `2+2MiHv- "`/#m`v UkyRRV HQQFb i
p`BQmb BM/B+2b Q7 BM+QK2 KQ#BHBiv mbBM; i?2 SaA. #2ir22M RNeN@kyye M/ iBK2 BMi2`pHb
bTMMBM; RR v2`bX
Hi?Qm;? i?2 +QM+2Tib Q7 KQ#BHBiv M/ bKTH2b mb2/ /Bz2`- i?2b2 TT2`b }M/ 
bBKBH` 2pQHmiBQM Q7 KQ#BHBiv BM i?2 la,  `2HiBp2Hv ~i T`Q}H2 /m`BM; i?2 RNdyb M/
 bQK2r?i /2+`2bBM; i`2M/ 7i2` i?iX A K2bm`2 KQ#BHBiv BM +QKT`#H2 rvb iQ
i?Bb HBi2`im`2- ?Qr2p2`- bBM+2 Kv KBM ;QH Bb iQ B/2MiB7v i?2 2z2+ib Q7 it +?M;2b- A
dA mb2 p`BiBQM BM H2;BbHi2/ it2b iQ //`2bb 2M/Q;2M2Biv 7QHHQrBM; :`m#2` M/ a2x UkyykVX
3.m`BM; i?Bb TT2`- A rBHH `272` iQ BM+QK2 KQ#BHBiv b BMi`;2M2`iBQMH KQ#BHBivX C MiiB M/ C2MFBMb
UkyR8V HbQ bm`p2v i?2 HBi2`im`2 QM BMi2`;2M2`iBQMH Q` bQ+BH KQ#BHBiv Ui?2 /2;`22 Q7 bbQ+BiBQM
#2ir22M T`2Mib M/ +?BH/`2M BM+QK2VX h?2`2 ?b #22M  `2+2Mi BM+`2b2 BM i?2 `2b2`+? BKBM; iQ
mM/2`biM/ i?2 /2;`22 Q7 BMi2`;2M2`iBQMH KQ#BHBiv M/ Bib 7+iQ`bX 6Q` 2tKTH2- *?2iiv 2i HX UkyR9V
MHvb2b i?2 ;2Q;`T?B+H /Bz2`2M+2b Q7 BMi2`;2M2`iBQMH KQ#BHBiv BM i?2 la M/ *?2iiv 2i HX UkyR9#V
2tTHQ`2b Bib 2pQHmiBQM Qp2` iBK2- r?B+? ?b `2KBM2/ 7B`Hv +QMbiMi /2bTBi2 `BbBM; BM2[mHBivX h?2
/2i2`KBMMib Q7 bQ+BH KQ#BHBiv `2 2tTHQ`2/ BM *?2iiv M/ >2M/`2M UkyR8V- r?Q BMp2biB;i2 ?Qr
M2B;?#Qm`?QQ/b z2+i BMi2`;2M2`iBQMH KQ#BHBiv i?`Qm;? +?BH/?QQ/ 2tTQbm`2 2z2+ibX
BMbi2/ +QMbB/2` KQ#BHBiv +`Qbb irQ /D+2Mi v2`bXN
N:Qiib+?HF URNNdV MQi2b i?i ++QmMiBM; 7Q` HQM;2` T2`BQ/b Bb MQi M2+2bb`BHv KQ`2 TT`QT`Bi2
i?M QM2@v2` T2`BQ/b iQ MHvb2 KQ#BHBiv M/ BM2[mHBiv- ;Bp2M i?2 7+i i?i HQr@BM+QK2 ?Qmb2?QH/b
`2 KQ`2 HBF2Hv iQ 7+2 #Q``QrBM; +QMbi`BMib Qp2` HQM;2` ?Q`BxQMbX
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h?2 HBi2`im`2 QM i?2 2z2+i Q7 it2b QM BM+QK2 KQ#BHBiv Bb KQ`2 HBKBi2/X G2`KM M/
uBix?FB URNN8V MHvb2 i?2 2z2+ib Q7 i?2 RNNR it `27Q`K QM i?2 BM+QK2 /Bbi`B#miBQM
`2+Q;MBbBM; irQ TQi2MiBH +?MM2Hb, ?B;?2` it2b +M `2/m+2 i?2 BM+QK2 ;Tb #2ir22M
T2QTH2 M/- BM bQK2 +b2b- +?M;2 i?2B` `2HiBp2 TQbBiBQM #v K2Mb Q7 `2/Bbi`B#miBQMX
h?2 mi?Q`b /2+QKTQb2 i?2 2pQHmiBQM Q7 i?2 :BMB +Q2{+B2Mi /m2 iQ BM+QK2 +?M;2b
?QH/BM; i?2 `2HiBp2 TQbBiBQM +QMbiMi M/ /m2 iQ +?M;2b BM i?2 `2HiBp2 TQbBiBQM ?QH/BM;
BM+QK2 +QMbiMi- M/ }M/ i?i i?Bb b2+QM/ 2z2+i Bb BKTQ`iMi BM mM/2`biM/BM; i?2
`2/Bbi`B#miBQM 2z2+ib Q7 i?2 i?2 RNNR it `27Q`KX G``BKQ`2 2i HX UkyR8V MHvb2 i?2
/2i2`KBMMib Q7 BM+QK2 KQ#BHBiv #2ir22M irQ@v2` T2`BQ/b mbBM;  TM2H Q7 it `2im`Mb
#2ir22M RNNN M/ kyRRX h?2v +QKTmi2 i?2 /Bz2`2M+2 #2ir22M BM+QK2 #27Q`2 M/ 7i2`
72/2`H it2b b  K2bm`2 Q7 i?2 bi#BHBbBM; TQr2` Q7 it2bX
AM +QMi`bi iQ #Qi? G2`KM M/ uBix?FB URNN8V M/ G``BKQ`2 2i HX UkyR8V- A
MHvb2 i?2 2z2+ib Q7 it2b QM KQ#BHBiv i?i +M HbQ #2 /m2 iQ +?M;2b QM i?2 T`2@it
BM+QK2 UBX2X #2+mb2 Q7  +?M;2 BM i?2 H#Qm` bmTTHvV- MQi QMHv /m2 iQ i?2 `2/Bbi`B#miBQM
2z2+i Q7 i?2 it bvbi2KX JQ`2 bm#biMiBHHv- Kv TT2` mb2b  /Bz2`2Mi K2i?Q/QHQ;v
iQ bb2b i?2 BKT+i Q7 it2b QM BM+QK2 KQ#BHBiv #v 2tTHQBiBM; 2tQ;2MQmb p`BiBQM BM
i?2 K`;BMH it `i2b- Qp2`  `2HiBp2Hv HQM; TM2H Q7 /i i?i BM+Hm/2b b2p2`H it
`27Q`KbX
h?Bb TT2` HbQ `2Hi2b iQ i?2 HBi2`im`2 i?i BMp2biB;i2b i?2 ;;`2;i2 BKT+i Q7
it2b bm+? b _QK2` M/ _QK2` UkyRyV M/ "``Q M/ _2/HB+F UkyRRVX "Qi? bim/B2b }M/
bm#biMiBH 2z2+ib Q7 +?M;2b BM it2b QM 2+QMQKB+ +iBpBivX _QK2` M/ _QK2` UkyRyV
2biBKi2 i?2 BKT+i Q7  it BM+`2b2 Q7 R T2`+2Mi Q7 :.S iQ KQmMi iQ  `2/m+iBQM
Q7 QmiTmi #v jW Qp2` i?2 +Qm`b2 Q7 i?`22 v2`bX "``Q M/ _2/HB+F UkyRRV }M/ i?i
i?2 2z2+i Q7 it2b QM :.S +i KBMHv i?`Qm;? bm#biBimiBQM 2z2+ib- rBi? BM+`2b2b BM
i?2 p2`;2 K`;BMH it `i2b bB;MB}+MiHv `2/m+BM; :.SXRy J2`i2Mb M/ _pM UkyRjV
?B;?HB;?i i?2 BKTQ`iM+2 Q7 /BbiBM;mBb?BM; #2ir22M /Bz2`2Mi ivT2 Q7 it2b- 2biBKiBM;
H`;2 2z2+ib Q7 it2b QM QmiTmi BM i?2 b?Q`i `mMX wB/` UkyR8V 2tTHQBib p`BiBQM BM la
bii2b iQ }M/ ;;`2;i2 2z2+ib QM 2KTHQvK2Mi `2bmHiBM; 7`QK it +mib 7Q` HQr2`@BM+QK2
;`QmTb Ub QTTQb2/ iQ it +mib 7Q` i?2 iQT RyW Q7 i?2 BM+QK2 /Bbi`B#miBQMb- r?B+? `2
MQi 7QmM/ iQ ?p2  H`;2 2z2+i QM 2KTHQvK2Mi ;`Qri?VX
AM+QK2 M/ r2Hi? BM2[mHBiv ?p2 #22M i?2 Q#D2+i Q7 2ti2MbBp2 bim/v BM K+`Q2+Q@
Ry"``Q M/ _2/HB+F UkyRRV }M/ i?i :.S 7HHb RXR 7Q` 2+? /QHH` BM+`2b2 BM 72/2`H it2b- rBi?
QM2 v2` H;X
RR;?BQM 2i HX UkyR8V BMp2biB;i2 i?2 `2HiBQMb?BT #2ir22M BMMQpiBp2M2bb M/ #Qi? iQT@BM+QK2
BM2[mHBiv M/ bQ+BH KQ#BHBivX
MQKB+bXRR SBF2iiv M/ a2x UkyyjV mb2  HQM; TM2H Q7 it `2im`Mb iQ MHvb2 BM+QK2
BM2[mHBiv i`2M/b BM i?2 la bBM+2 RNRdX h?2 mi?Q`b }M/ i?i BM+QK2 BM2[mHBiv- b
K2bm`2/ #v i?2 b?`2 Q7 BM+QK2 #v i?2 iQT /2+BH2 2`M2`b- b?`THv /2+`2b2/ /m`BM;
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qQ`H/ q` AA M/ bi`i2/ iQ BM+`2b2 7`QK i?2 RNdybXRk SBF2iiv UkyR9V +QKTBH2b 2ti2M@
bBp2 2KTB`B+H 2pB/2M+2 QM i?2 2pQHmiBQM Q7 BM+QK2 M/ r2Hi? BM2[mHBiv 7Q` i?2 la M/
Qi?2` +QmMi`B2b- }M/BM;  MQiB+2#H2 BM+`2b2 BM #Qi? p`B#H2bX h?2 mi?Q` bm;;2bib
i?i i?Bb BM+`2b2 BM BM2[mHBiv Bb  72im`2 Q7 +TBiHBbi 2+QMQKB2b U;Bp2M i?i i?2 `i2
Q7 `2im`M Q7 +TBiH Bb 7QmM/ iQ 2t+22/ i?i Q7 2+QMQKB+ ;`Qri?V M/ /pQ+i2b 7Q` }b+H
`27Q`Kb i?i 2bi#HBb?  ;HQ#H r2Hi? it M/  KQ`2 T`Q;`2bbBp2 BM+QK2 itiBQMX
AM Q`/2` iQ mM/2`biM/ i?2 +mb2b Q7 r2Hi? BM2[mHBiv- K+`Q2+QMQKB+ KQ/2Hb ?p2
`2Ht2/ i?2 bbmKTiBQM Q7  `2T`2b2MiiBp2 ;2Mi- HHQrBM; 7Q` ?2i2`Q;2M2Biv BM 2`MBM;b
M/ Qi?2` +?`+i2`BbiB+b- BM i?2 bTB`Bi Q7 Bv;`B URNN9VXRj Zm/`BMB M/ _őQb@_mHH
UkyR8V bm`p2v i?2 HBi2`im`2 QM i?2 i?2Q`B2b mb2/ i?2 2tTHBM i?2 +mb2b Q7 BM2[mHBiv- M/
Bib BKTHB+iBQMb 7Q` i?2 ;;`2;i2 2+QMQKvX q?BH2 2+QMQKB+ KQ/2Hb T`2/B+i i?i r2Hi?v
?Qmb2?QH/b i2M/ iQ /Bbbp2- i?Bb Bb i Q//b rBi? i?2 /iX .2 L`/B UkyR8V bm`p2vb i?2
K2+?MBbKb i?i ?p2 #22M mb2/ iQ 2tTHBM i?2 `2bQMb 7Q` r2Hi?v BM/BpB/mHb iQ
2t?B#Bi  ?B;? `i2 Q7 bpBM;b M/ Bib BKTHB+iBQMb 7Q` r2Hi? BM2[mHBivX h?Bb HBi2`im`2
?b 7QmM/ i?i /Bz2`2M+2b BM i?2 /2;`22 Q7 TiB2M+2 KQM; BM/BpB/mHb- i?2 i`MbKBbbBQM
Q7 ?mKM +TBiH UbFBHHb Tbb2/ 7`QK T`2Mib iQ +?BH/`2MV M/ pQHmMi`v #2[m2bib +`Qbb
;2M2`iBQMb Q` i?2 /2+BbBQMb iQ #2+QK2 M 2Mi`2T`2M2m` `2 THmbB#H2 `2bQMb i?i +M
2tTHBM bQK2 bT2+ib Q7 i?2 /Bbi`B#miBQM Q7 r2Hi?X
h?2 `2bi Q7 i?2 TT2` Bb Q`;MBb2/ b 7QHHQrbX a2+iBQM k /2p2HQTb  bBKTH2 7`K2@
rQ`F iQ mM/2`biM/ i?2 `2H2pMi K2+?MBbKb #2?BM/ i?2 2z2+i Q7 itiBQM M/ BM+QK2
KQ#BHBivX a2+iBQM j /2b+`B#2b ?Qr i?2 /i `2;`/BM; BM+QK2 KQ#BHBiv M/ it2b `2
+QMbi`m+i2/X h?2 2KTB`B+H bi`i2;v M/ i?2 KBM `2bmHib `2 /2b+`B#2/ BM a2+iBQM 9X
a2+iBQM 8 +QMiBMb b2p2`H `Q#mbiM2bb +?2+FbX 6m`i?2` 2KTB`B+H `2bmHib QM i?2 ?2i2`Q@
;2M2Qmb 2z2+ib Q7 it2b QM BM+QK2 KQ#BHBiv `2 2tTHQ`2/ BM a2+iBQM eX GbiHv- a2+iBQM d
+QM+Hm/2b M/ /Bb+mbb2b TQi2MiBH 2ti2MbBQMbX
Rk"mBH/BM; QM i?2 bK2 /ib2i- a2x M/ wm+KM UkyR9V +TBiHBb2 BM+QK2 iQ T`Q/m+2 K2bm`2b Q7
r2Hi? BM2[mHBiv- M/ }M/ i?i i?Bb p`B#H2b ?b bm#biMiBHHv BM+`2b2/ BM i?2 Hbi 72r v2`bX
Rja22 >2i?+Qi2 2i HX UkyyNVX
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k  aBKTH2 h?2Q`2iB+H 6`K2rQ`F
"27Q`2 im`MBM; iQ i?2 2KTB`B+H MHvbBb- A +QMbB/2`  bBKTH2 KQ/2H Q7 H#Qm` bmTTHv
iQ ?B;?HB;?i i?2 F2v /2i2`KBMMib Q7 i?2 `2HiBQMb?BT #2ir22M itiBQM M/ BM+QK2
KQ#BHBivX
*QMbB/2` M 2+QMQKv TQTmHi2/ #v irQ ?Qmb2?QH/b Ui = 1, 2V rBi? [mbBHBM2` T`27@
2`2M+2b,







r?2`2 ci,t M/ ni,t `2T`2b2Mi +QMbmKTiBQM M/ ?Qm`b rQ`F2/ 7Q` ?Qmb2?QH/ i i /i2
tX S`272`2M+2 T`K2i2`b +M TQi2MiBHHv /2T2M/ QM 2+? ?Qmb2?QH/ +?`+i2`BbiB+b, σi
`2T`2b2Mib i?2 `2HiBp2 r2B;?i Q7 +QMbmKTiBQM BM i?2 miBHBiv 7mM+iBQM- Xi /2MQi2b T`27@
2`2M+2b `2;`/BM; H#Qm` bmTTHv Ur?B+? +QmH/ #2 /2i2`KBM2/ #v /2KQ;`T?B+ p`B#H2b-
7KBHv +QKTQbBiBQM- 2i+XV M/ ηi ≥ 0 Bb i?2 6`Bb+? 2HbiB+Biv Q7 H#Qm` bmTTHv U F2v
2H2K2Mi BM i?Bb 7`K2rQ`FVX
AM/BpB/mHb 7+2  #m/;2i +QMbi`BMi ci,t = (wi,tni,t) − T (wi,tni,t)- r?2`2 r;2b wi,t
2pQHp2 2tQ;2MQmbHv 7QHHQrBM; wi,t = w(1 ± εi,t)- rBi? εi > 0X AM 2+? T2`BQ/- r;2b `2
2[mH iQ w1,t = w(1 + ε1,t) 7Q` ?Qmb2?QH/ i = 1 M/ w2,t = w(1 − ε2,t) 7Q` ?Qmb2?QH/ 2
rBi? T`Q##BHBiv π > 0X qBi? T`Q##BHBiv 1 − π r;2b #2+QK2 w1,t = w(1 − ε1,t) M/
w2,t = w(1 + ε2,t)X h?2 it bvbi2K Bb bbmK2/ iQ #2 ;Bp2M b,
T ′(wi,tni,t) =
{
τL + τ B7 (wi,tni,t) ≥ (1 + ε)wnH∗i,t




r?2`2 τL M/ τL + τ `2 i?2 K`;BMH it `i2b 7+2/ #v ?Qmb2?QH/b rBi?  HQr Q` ?B;?
r;2 `2HBbiBQM- `2bT2+iBp2HvX nH∗i,t M/ nL
∗
i,t `2 i?2 H#Qm` bmTTHv 7mM+iBQMb i?i `2bmHi












(1− τL)(1− ε)w σi
Xi
)ηi
bbmKBM; i?i T`272`2M+2b `2 i?2 bK2 7Q` #Qi? ivT2 Q7 ?Qmb2?QH/b Uη1 = η2 = η-
σ1 = σ2 = σ- X1 = X2 = XV- r?2M τ = 0 i?2 it b+?2/mH2 #2+QK2b T`QTQ`iBQMH
M/ i?2 ?Qmb2?QH/ rBi?  ?B;?2` `2HBbiBQM Q7 r;2b Ubv- i = 1V Bb `MF2/ }`bi BM i?2
BM+QK2 /Bbi`B#miBQM,
(1− τL)(1 + ε)wnH∗1,t > (1− τL)(1− ε)wnL
∗
2,t
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*QM/BiBQMH QM M BMBiBH /Bbi`B#miBQM Q7 BM+QK2- i?2 `2HiBp2 BM+QK2 KQ#BHBiv BM i?Bb
2+QMQKv Bb ;Bp2M #v Pr (move|w2,t−1 = w(1 + ε)) = πX
q?2M τ Bb TQbBiBp2- i?2 it b+?2/mH2 Bb T`Q;`2bbBp2 M/ #Qi? H#Qm`@bmTTHv 7mM+iBQMb
`2 `2Hi2/ #v, (( )( ))η
R9q?2M r2 +QMbB/2` τL = 0.25 UTT`QtBKi2Hv i?2 la p2`;2 72/2`H K`;BMH it `i2 QM BM/BpB/mH
BM+QK2 /m`BM; RNed@RNNeV- w = 10 M/ T`Q/m+iBpBiv b?Q+Fb `2T`2b2MiBM; 5% Q7 i?2 #b2 r;2 w- i?2M




i,t Bb τ = 0.07- `2bmHiBM; BM τL + τ = 0.32X
AM Mv ;Bp2M T2`BQ/- i?2 QTiBKH H#Qm` bmTTHv +?QB+2 r2B;?ib irQ QTTQbBM; 2z2+ib,
UBV  ?B;?2` r;2 1+ε
1−ε BM+`2b2b i?2 T`B+2 Q7 H2Bbm`2 M/ KF2b i?2 ?Qmb2?QH/ rBHHBM;
iQ bmTTHv KQ`2 H#Qm` M/ UBBV  ?B;?2` `i2 τ KF2b i?2 it bvbi2K KQ`2 T`Q;`2bbBp2
M/ `2/m+2b i?2 BM+2MiBp2b iQ bmTTHv KQ`2 ?Qm`b Q7 rQ`FX b HQM; b τ < (1 − τLt ) 2ε1+ε
i?2 ?Qmb2?QH/ rBHH ?p2 BM+2MiBp2b iQ iF2 /pMi;2 Q7  ?B;?2` r;2 /`r M/ rBHH
QTiBKHHv +?QQb2 iQ bmTTHv KQ`2 H#Qm` nH∗i,t > nL
∗
i,t X q?2M τ Bb ?B;? 2MQm;?- i?2 it
b+?2/mH2 2HBKBMi2b i?2 BM+2MiBp2b iQ rQ`F BM/m+2/ #v   ?B;?@r;2 b?Q+FX S`iB+mH`Hv-
r?2M τ = (1 − τLt ) 2ε1+ε i?2 ?Qmb2?QH/ rBHH /2+B/2 iQ MQi iQ BM+`2b2 i?2 ?Qm`b Q7 rQ`F
/m2 iQ i?2 r;2 b?Q+F M/ nH∗i,t = nL
∗
i,t XR9
AM i?2 +b2 Q7 τ = (1 − τLt ) 2ε1+ε - #Qi? ?Qmb2?QH/b bmTTHv i?2 bK2 KQmMi Q7 ?Qm`b
rQ`F2/X AM i?2 T`2b2M+2 Q7 T`272`2M+2 b?Q+Fb Xi i?i +QmMi2`+i i?2 2z2+ib Q7 i?2 r;2
b?Q+Fb- H2bb T`Q;`2bbBp2 itiBQM rQmH/ `2M/2` i?2 H#Qm` bmTTHv Q7 i?2 ?Qmb2?QH/b KQ`2
b2MbBiBp2 iQ +?M;2b BM r;2b- `2bmHiBM; BM ?B;?2` BM+QK2 KQ#BHBivX
h?Bb bBKTH2 7`K2rQ`F HHQrb mb iQ /2`Bp2 i?2 7QHHQrBM; BKTHB+iBQMbX 6B`bi M/
KQbi BKTQ`iMi- i?2 it bvbi2K +M `2/m+2 BM+QK2 KQ#BHBiv #v /BbBM+2MiBpBxBM; H#Qm`
bmTTHvX h?Bb 2z2+i `Bb2b #2+mb2 ?Qmb2?QH/b iF2 H2bb /pMi;2 Q7 2+QMQKB+ QTTQ`@
imMBiB2b r?2M i?2 K`;BMH it `i2 Bb p2`v ?B;?X h?2 }MH 2z2+i QM KQ#BHBiv /2T2M/b
+`m+BHHv QM i?2 6`Bb+? 2HbiB+Biv Q7 H#Qm` bmTTHv UM/ r?2i?2` Bi Bb ?QKQ;2M2Qmb +`Qbb
?Qmb2?QH/bV bBM+2 i?Bb T`K2i2` ;Qp2`Mb ?Qr Km+? i?2 it2b /BbiQ`i i?2 BM+2MiBp2b iQ
rQ`FX S`272`2M+2b `2;`/BM; +QMbmKTiBQM HbQ Kii2`X  r2Hi? 2z2+i QM H#Qm` bmT@
THv- r?B+? Bb #b2Mi BM i?Bb KBMBKH 7`K2rQ`F- rBHH KF2 ?Qmb2?QH/b KQ`2 rBHHBM; iQ
bmTTHv rQ`F r?2M it2b BM+`2b2 UHi?Qm;? i?Bb 2z2+i rBHH #2 KBiB;i2/ #v  T`Q;`2bbBp2
it b+?2/mH2VX MQi?2` BKTQ`iMi 7+iQ` BM /2i2`KBMBM; KQ#BHBiv Bb i?2 r2Hi? ++m@














T`Q#H2KX h?Qb2 ?Qmb2?QH/b r?Q `2 Hm+Fv M/ Q#iBM bm#b2[m2Mi `2HBbiBQMb Q7 ?B;?
r;2b rBHH #2 #H2 iQ #mBH/ mT bpBM;bX h?2 `2im`M Q#iBM2/ 7`QK i?2b2 bpBM;b rBHH
BM+`2b2 iQiH BM+QK2- KFBM; Bi H2bb HBF2Hv iQ KQp2 /QrM BM i?2 BM+QK2 /Bbi`B#miBQMX
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h?2`27Q`2- r?BH2 it2b `2 HBF2Hv iQ ?p2 M 2z2+i QM BM+QK2 KQ#BHBiv- i?2 T`2+Bb2
BKT+i `2KBMb M 2KTB`B+H [m2biBQMX q?2M 2biBKiBM; i?Bb 2z2+i- Bi rBHH #2 BKTQ`iMi
iQ mb2 /i i?i HHQrb b2T`iBM; ?Qmb2?QH/ 2z2+ib Ub- 7Q` 2tKTH2- ibi2 7Q` H2Bbm`2V
7`QK ?Qmb2?QH/ b?Q+FbX h?2 SaA.- ;Bp2M Bib TM2H Mim`2- Bb M ii`+iBp2 /ib2i iQ
//`2bb i?Bb [m2biBQMX
j .i M/ h`2M/b
h?2 SaA. USM2H aim/v Q7 AM+QK2 .vMKB+bV Bb M MMmH bm`p2v 2H#Q`i2/ #v i?2
lMBp2`bBiv Q7 JB+?B;M bBM+2 RNe3XR8 Ai 7QHHQrb i?2 bK2 7KBHB2b M/ i?2B` bTHBi@Qzb
Qp2` iBK2- +`2iBM;  TM2H bi`m+im`2X h?2 bm`p2v rb Q`B;BMHHv +`2i2/ 7`QK irQ
bKTH2b, i?2 am`p2v _2b2`+? *2Mi2` Ua_*V Q` +Q`2 bKTH2 U`2T`2b2MiiBp2 i i?2
MiBQMH H2p2HV- M/ i?2 am`p2v Q7 1+QMQKB+ QTTQ`imMBiv Ua1PV Q` *2Mbmb bKTH2-
r?B+? Qp2`@`2T`2b2Mib HQr BM+QK2 ?Qmb2?QH/bX h?2 SaA. T`QpB/2b r2B;?ib i?i `2M/2`
i?2 +QK#BMiBQM Q7 #Qi? bKTH2b `2T`2b2MiiBp2 Q7 i?2 la TQTmHiBQM r?BH2 ++QmMiBM;
7Q` i?2 ii`BiBQM i?i Q++m`b Qp2` iBK2 r?2M 7KBHB2b `2 biQTT2/ #2BM; BMi2`pB2r2/X
A `2bi`B+i i?2 r?QH2 bKTH2 #v +QMbB/2`BM; KBM /mHib Ui?2 ?2/b M/ i?2B` bTQmb2bV
Q7 ?Qmb2?QH/b i?i `2 H2/ #v  KH2 rQ`FBM; ?2/ ;2/ k8 iQ ey r?Q Bb MQi b2H7@
2KTHQv2/X 6QHHQrBM; `QMbQM M/ 6`2M+? UkyyNV- 7KBHB2b rBi?  ?2/ rQ`FBM; H2bb
i?M jyy Q` KQ`2 i?M 9-8yy ?Qm`b T2` v2`- 2`MBM; H2bb i?M 0j Q` KQ`2 i?M 0kyy
T2` ?Qm`b BM RNNe T`B+2b `2 +QMbB/2`2/ QmiHB2`b M/ /`QTT2/ 7`QK i?2 bKTH2X h?Bb
b2H2+iBQM +`Bi2`B Bb #b2/ QM i?2 BMi2MiBQM iQ `2~2+i +?M;2b BM i?2 BM+QK2 KQ#BHBiv i?i
`Bb2 b  `2bmHi Q7 H#Qm` K`F2i BMi2`+iBQMbX AM a2+iBQM 8- A +?2+F i?2 `Q#mbiM2bb Q7
i?2 `2bmHib r?2M +QMbB/2`BM;  KQ`2 BM+HmbBp2 bKTH2X h?Bb b2H2+iBQM H2/b iQ  iQiH
Q7 8-9jy U+QMiBMmQmbHv K``B2/V ?Qmb2?QH/b `2T`2b2MiBM;  iQiH Q7 8y-9dR Q#b2`piBQMb
#2ir22M RNed M/ RNNeX h?2 }MH /i2 Q7 i?2 bKTH2 Bb /B+ii2/ #v i?2 +?M;2 BM i?2
SaA. 7`2[m2M+v T`Q/m+2/ BM RNNd U`272``BM; iQ /i 7`QK RNNeV- r?2M i?2 T2`BQ/B+Biv
Q7 /i `2H2b2b brBi+?2/ 7`QK MMmH iQ #BMMmHX
R8h?2 bm`p2v +QMiBMb /i 7`QK RNed- bBM+2 bQK2 Q7 i?2 p`B#H2b bF2/ U2X;X BM+QK2V `272` iQ i?2
T`2pBQmb v2`X
jXR J2bm`BM; BM+QK2 KQ#BHBiv
h?Bb b2+iBQM /Bb+mbb2b Bbbm2b `2Hi2/ iQ BM+QK2 KQ#BHBiv K2bm`2 M/ 2tTHQ`2b Bib /v@
MKB+b BM i?2 la Qp2` i?2 bKTH2 T2`BQ/X
*QMbB/2` M Q`/2`BM; Q7 BM+QK2 BM iBK2 t BM N /Bz2`2Mi `MFb UBX2X [mMiBH2b Q7
BM+QK2VX G2i snt /2MQi2 i?2 ?Qmb2?QH/b rBi? BM+QK2 #2HQM;BM; iQ `MF n ∈ [1, N ]X h?2
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KQ#BHBiv T`Q+2bb +M #2 `2T`2b2Mi2/ #v  p2+iQ` st = (s1t , s2t , . . . , sNt ) M/  T`Q##BHBiv
Ki`Bt P rBi? /BK2MbBQM n× n M/ `Qrb //BM; mT iQ 1 bm+? i?i,
st = Ptst−1 UkV
h?2 p2+iQ` st−1 bmKK`Bb2b i?2 T`Q##BHBiv /Bbi`B#miBQM Q7 BM+QK2 BM T2`BQ/ t − 1X
h?2 Ki`Bt Pt +?`+i2`Bb2b i?2 KQ#BHBiv T`Q+2bb #v /2i2`KBMBM; i?2 T`Q##BHBiv i?i
 ?Qmb2?QH/ BM BM+QK2 ;`QmT n i iBK2 t − 1 `2KBMb BM i?2 bK2 /2+BH2 M2ti T2`BQ/
U2Mi`v P n,nt BM Ki`Bt PtV Q` i`MbBib iQ MQi?2` /2+BH2 k = nXRe
h?2`2 `2 /Bz2`2Mi BM/B+2b i?i +M #2 mb2/ iQ K2bm`2 i?2 /2;`22 Q7 BM+QK2 KQ#BH@
BivXRd h?2 BKKQ#BHBiv `iBQ UA_V bmKK`Bb2b +?M;2b BM `2HiBp2 TQbBiBQMb #v +QKTmiBM;
i?2 /2;`22 Q7 +QM+2Mi`iBQM HQM; i?2 /B;QMH Q7 Ki`Bt Pt- BX2X i?2 7`+iBQM Q7 ?Qmb2@
?QH/b i?i `2KBM BM i?2 bK2 BM+QK2 ;`QmT /m`BM; irQ T2`BQ/b Q7 iBK2X AM i?2 +b2 Q7
2ti`2K2 BKKQ#BHBiv UMQ ?Qmb2?QH/ +?M;2b /2+BH2b #2ir22M t M/ t− 1V- A_= 1X
AM  bBKBH` p2BM- i?2 MQ`KHBb2/ i`+2 BM/2t ULhAV T`QTQb2/ #v a?Q``Q+Fb URNd3#V




q?2M Pt Bb i?2 B/2MiBiv Ki`Bt- i?2 bmK Q7 i?2 /B;QMH Q7 Ki`Bt Pt Bb 2[mH iQ N M/
i?2 LhA #2+QK2b 0X
"Qi? i?2 A_ M/ LhA BM/B+2b mb2 BM7Q`KiBQM 7`QK i?2 /B;QMH Q7 Ki`Bt PtX h?2
p2`;2 CmKT AM/2t U"`i?QHQK2r URNdjVV 2tTHQBib Qi?2` BM7Q`KiBQM BM Pt iQ bb2b
i?2 /2;`22 Q7 KQ#BHBiv #v +QmMiBM; i?2 MmK#2` Q7 BM+QK2 i?`2b?QH/b U2X;X /2+BH2bV i?i 
?Qmb2?QH/b Tbb2b i?`Qm;? #2ir22M irQ T2`BQ/bX h?Bb BM/2t Bb +QKTmi2/ b i?2 p2`;2
Q7 #bQHmi2 +?M;2b BM BM+QK2 `MFb 7Q` HH i?2 bKTH2X  pHm2 Q7 0 BM/B+i2b T2`72+i
BKKQ#BHBiv UQ`B;BM BM/2T2M/2M+2VX
ReAM i?2 bT2+BH +b2 r?2M p2+iQ` st−1 +QMiBMb HH i?2 M2+2bb`v BM7Q`KiBQM iQ T`2/B+i st- BX2X
Prob(st|st−1, st−2,, . . . , st−k) = Prob(st|st−1) ∀k ≥ 1 M/ t- i?2 T`Q+2bb st Bb bB/ iQ #2 J`FQpBMX Pt
#2+QK2b i?2 J`FQp Ki`Bt M/ i`MbBiBQMb HQM; i?2 BM+QK2 /Bbi`B#miBQM #2ir22M k T2`BQ/b +M #2
Q#iBM2/ 7`QK st+k = stP kX
Rda22 6B2H/b M/ PF URNNNV Q` C MiiB M/ C2MFBMb UkyR8V 7Q` 2t?mbiBp2 `2pB2rb Q7 i?2 /Bz2`2Mi iQQHb
pBH#H2 iQ K2bm`2 BM+QK2 KQ#BHBivX
h?2`2 `2 Qi?2` K2bm`2b i?i `2 MQi `2bi`B+i2/ iQ i?2 `2HiBp2 TQbBiBQM Q7 ?Qmb2@






r?2`2 inct Bb i?2 `2H H2p2H Q7 BM+QK2 i iBK2 tX h?2 >`i BM/2t U>`i URNdeVV Bb 
p`BMi Q7 i?Bb K2bm`2 M/ Bb /2}M2/ #v Ht = 1 − rtX q?2M BM+QK2 #2ir22M irQ
T2`BQ/b Bb T2`72+iHv +Q``2Hi2/- r2 ?p2 i?2 +b2 Q7 +QKTH2i2 BKKQ#BHBiv M/ Ht = 0X
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AM+QK2 Bb +QMbi`m+i2/ b i?2 /Dmbi2/ ;;`2;i2 AM+QK2 U:AV #b2/ QM i?2 DQBMi
it#H2 BM+QK2 Q7 i?2 ?2/ M/ bTQmb2 BM i?2 ?Qmb2?QH/XR3 .Bz2`2Mi K2bm`2b Q7 BM+QK2
U#27Q`2 it2b- 7i2` it2b- M/ 7i2` i`Mb72`bV `2 mb2/ iQ bb2bb KQ#BHBivX
6B;m`2 R THQib i?2 2pQHmiBQM Q7 i?2 KQ#BHBiv BM/B+2b /2b+`B#2/ #Qp2 mbBM;  T`2@
it K2bm`2 Q7 BM+QK2- b2iiBM; N = 10 UBM+QK2 Bb /BpB/2/ BM /2+BH2bV M/ HHQrBM; t
iQ `2T`2b2Mi  v2`X q?BH2 KMv bim/B2b BM i?2 HBi2`im`2 7Q+mb QM  HQM;2` ?Q`BxQM iQ
MHvb2 KQ#BHBiv U2X;X }p2 v2`bV- A +?QQb2 iQ mb2  b?Q`i2` ?Q`BxQM iQ #2 #H2 iQ B/2MiB7v
i?2 2z2+i Q7 itiBQM QM BM+QK2 KQ#BHBivX
h?2 /2;`22 Q7 +Q@KQp2K2Mi #2ir22M i?2 BM/B+2b Q7 KQ#BHBiv Bb ?B;?, R@A_ M/ LhA
?p2  +Q``2HiBQM Q7 N8WX h?2 +Q``2HiBQM #2ir22M i?Qb2 irQ BM/B+2b M/ i?2 K2bm`2
Q7 BM+QK2 `MFb Tbb2/ Bb Q7 Ny M/ 33W- `2bT2+iBp2HvX h?2 +Q``2HiBQM #2ir22M i?2
>`i BM/2t M/ i?2 `2bi Q7 KQ#BHBiv K2bm`2b `M;2b #2ir22M dy M/ #Qp2 3yWX
h?2 2pQHmiBQM Q7 i?2b2 BM/B+2b b?Qrb  ~i T`Q}H2 7`QK i?2 2M/ Q7 i?2 RNeyb iQ i?2
2M/ Q7 i?2 RNdyb- Hi?Qm;? i?2 LhA BM/2t 2t?B#Bib  bHB;?iHv mTr`/ i`2M/ /m`BM; i?Bb
T2`BQ/X JQ#BHBiv /2+HBM2b bQK2r?i /m`BM; i?2 /2+/2 Q7 i?2 3ybX Ai BM+`2b2b KQ`2
MQiB+2#Hv i i?2 #2;BMMBM; Q7 RNNyb UT`iB+mH`Hv i?2 R@A_ BM/2tV- #mi i?2M `2im`Mb iQ
T`2pBQmb H2p2Hb iQr`/b i?2 2M/ Q7 i?2 bKTH2X h?2 +QKT`BbQM Q7 i?Bb 2pB/2M+2 rBi? i?i
7QmM/ BM i?2 HBi2`im`2 Bb /B{+mHi- bBM+2 KMv bim/B2b 7Q+mb QM BM+QK2 KQ#BHBiv /m`BM;
 HQM;2` iBK2 ?Q`BxQM Ub22 7Q` 2tKTH2 >mM;2`7Q`/ URNNjV M/ i?Qb2 +Bi2/ BM C MiiB
M/ C2MFBMb UkyR8VVX >Qr2p2`- :BiiH2KM M/ CQv+2 URNNNV +QMbB/2`b bBKBH` KQ#BHBiv
BM/B+2b 7Q` R- 8 M/ Ry@v2` rBM/Qrb #2ir22M RNeN M/ RNNyX h?2 mi?Q`b }M/  KBH/
`2/m+iBQM BM KQ#BHBiv /m`BM; i?2 RNdyb M/ M mTr`/b i`2M/b mMiBH RNNyX :Qiib+?HF
URNNdV `2TQ`ib  i`MbBiBQM Ki`Bt +`Qbb [mBMiBH2b Q7 BM+QK2 #2ir22M RNdj M/ RNd9
mbBM; SaA. r?B+? Bb H`;2Hv bBKBH` iQ Kv 2biBKiBQM Q7 Ki`Bt Pt BM 1[miBQM k 7Q`
i?Qb2 v2`b UMQi b?QrMVX
q?BH2 6B;m`2 R /BbTHvb i?2 T`Q##BHBiv Q7 KQ#BHBiv Qp2`HH- Bi Bb HbQ BMi2`2biBM; iQ
R3 #`Q/2` /2}MBiBQM Q7 BM+QK2 rQmH/ BM+Hm/2 Qi?2` bQm`+2b rBi?BM i?2 7KBHv U2X;X +?BH/`2M Q`
Qi?2` `2HiBp2bVX >Qr2p2` i?Bb rQmH/ `2[mB`2 KFBM; bbmKTiBQMb QM ?Qr iQ B/2MiB7v it mMBib rBi?BM
i?2 ?Qmb2?QH/ M/ HBKBi i?2 pBH#BHBiv Q7 /iX a2+iBQM 8 2tTHQ`2b i?2 `Q#mbiM2bb Q7 i?2 `2bmHib iQ
/Bz2`2Mi /2}MBiBQM Q7 BM+QK2X
MHvb2 r?2i?2` i?2b2 i`2M/b BM KQ#BHBiv `2 b?`2/ +`Qbb T`iB+mH` BM+QK2 `MFbX
6B;m`2 R b?Qrb i?2 2pQHmiBQM Q7 1−P 1,1t M/ 1−PN,Nt Ur?2`2 P k,kt Bb i?2 k, k 2H2K2Mi
Q7 Ki`Bt Pt BM 1[miBQM kV 7Q` T`2@it M/ TQbi@it /Bbi`B#miBQMb Q7 BM+QK2X h?2
T`Q##BHBiv i?i  ?Qmb2?QH/ KQp2b rv 7`QK i?2 }`bi /2+BH2 Q7 BM+QK2 USM2H V ?b
`2+Q`/2/ M mTr`/ i`2M/ /m`BM; KQbi Q7 i?2 iBK2 ?Q`BxQM- QMHv iQ #2 `2p2`i2/ iQr`/b
i?2 2M/ Q7 i?2 bKTH2 T2`BQ/X h?2 2pQHmiBQM Q7 i?2 T`Q##BHBiv Q7 MQi `2KBMBM; BM i?2
iQT /2+BH2 b?Qrb  Tii2`M i?i `2b2K#H2b i?i Q7 i?2 R@A_ BM/2t +QKK2Mi2/ BM i?2
T`2pBQmb T`;`T?,  /QrMr`/b i`2M/ BMBiBi2/ 7i2` RNd8 r?B+? +?M;2b /B`2+iBQM
bBM+2 i?2 #2;BMMBM; Q7 i?2 RNNybX
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jXk htiBQM BM i?2 la /m`BM; i?2 bKTH2 T2`BQ/
A mb2 i?2 L"1_Ƕb hsaAJ T`Q;`K iQ +QMbi`m+i i?2 72/2`H it HB#BHBiB2b 7+2/ #v
2+? ?Qmb2?QH/ BM i?2 bKTH2X h?Bb it bBKmHiQ` `2+`2i2b 2+? v2`Ƕb it Hr #v
iFBM; BMiQ ++QmMi 72im`2b Q7 i?2 la it +Q/2 bm+? b i?2 1`M2/ AM+QK2 ht *`2/Bi
U1Ah*V- i?2 Hi2`MiBp2 JBMBKmK ht UJhV Q` /2/m+iBQMb M/ 2t2KTiBQM T?b2@
QmibX aBM+2 hsaAJ QMHv +QKTmi2b bii2 it2b bBM+2 RNdd M/ /m2 iQ i?2 `2;`2bbBp2
Mim`2 Q7 aQ+BH a2+m`Biv it2b U6A*V- i?2 KBM 2KTB`B+H `2bmHib BM a2+iBQM 9 KF2
mb2 Q7  HQM;2` ?Q`BxQM UM/ //BiBQMH it `27Q`KbV #v 2t+HmbBp2Hv +QMbB/2`BM; +?M;2b
BM 72/2`H itiBQMX h?2 2z2+ib Q7 BM+Hm/BM; bii2 M/ bQ+BH b2+m`Biv it2b `2 2tTHBM2/
BM a2+iBQM 8X
hsaAJ +QKTmi2b i?2 2z2+iBp2 K`;BMH it `i2b #v BM+`2bBM; it#H2 BM+QK2
#v R0XRN 6Q` KMv ?Qmb2?QH/b BM i?2 SaA. bKTH2 i?2b2 it `i2b `2 /2i2`KBM2/ #v
i?2 biimiQ`v it `i2b bbQ+Bi2/ rBi? 2+? BM+QK2 #`+F2iX >Qr2p2`- i?2 2z2+iBp2
K`;BMH it `i2 Q7 Qi?2` ?Qmb2?QH/b rBHH HbQ #2 /2i2`KBM2/ #v i?2 T?b2@Qmi M/
Qi?2` 72im`2b Q7 i?2 it +Q/2X
J`;BMH it `i2b 7`QK hsaAJ `2 +H+mHi2/ #b2/ QM it v2`- K`BiH biimb
UbBM+2 i?2 bKTH2 QMHv +QMbB/2`b UH2;HHvV K``B2/ T2QTH2- A bbmK2 i?2K iQ }H2 it2b
DQBMiHvV- MmK#2` Q7 /2T2M/Mib UBM+Hm/BM; i?Qb2 mM/2` Rd v2`bV- H#Qm` BM+QK2 7`QK
i?2 ?2/ Q7 i?2 ?Qmb2?QH/ M/ ?Bb bTQmb2- bb2i BM+QK2 U`BbBM; 7`QK `2MiHb- /BpB/2M/b
Q` BMi2`2bibV- it#H2 T2MbBQMb- aQ+BH a2+m`Biv AM+QK2- T`QT2`iv it2b M/ /2/m+iBQMb
QM KQ`i;;2 BMi2`2bibXky
62/2`H K`;BMH it `i2b ?p2 2tT2`B2M+2/ bm#biMiBH p`BiBQM /m`BM; i?2 T2`BQ/
+QMbB/2`2/ URNed@RNNeVX 6B;m`2 k USM2H V b?Qrb i?2 2pQHmiBQM Q7 i?2 p2`;2 K`;BMH
RNa22 622M#2`; M/ *Qmiib URNNjV 7Q` M BMi`Q/m+iBQM iQ i?2 hsaAJ T`Q;`KX
kyaBM+2 KQ`i;;2 BMi2`2bib `2 MQi pBH#H2 BM i?2 SaA. 7Q` HH i?2 iBK2 ?Q`BxQM- A 7QHHQr `QMbQM
M/ 6`2M+? UkyyNV M/ bbmK2 i?i 80% Q7 KQ`i;;2 TvK2Mib ;Q iQ BMi2`2bi iQ BKTmi2 i?Bb p`B#H2X
it `i2 7Q` 2+? BM+QK2 /2+BH2 BM la /m`BM; RNed@RNNeXkR h?2 #`QF2M HBM2 b?Qrb i?2
p2`;2 K`;BMH it `i2 7Q` 72/2`H BM/BpB/mH BM+QK2 it2b 7`QK "``Q M/ _2/HB+F
UkyRRVXkk J`;BMH it `i2b b?Qr  K`F2/ BM+`2b2 /m`BM; i?2 RNdyb- KBMHv b i?2
`2bmHi Q7 ?B;? BM~iBQM i?i Tmb?2/ ?Qmb2?QH/bǶ BM+QK2 iQ ?B;?2` it #`+F2ib #2+mb2
Q7 BKT2`72+i BM/2tiBQM Q7 i?2 it b+?2/mH2X h?Bb mTr`/ i`2M/ rb KQ`2 bm#biMiBH 7Q`
?B;?2` BM+QK2b, i?2 p2`;2 K`;BMH it `i2 7Q` i?Qb2 BM i?2 iQT /2+BH2 BM+`2b2/ kk
T2`+2Mi;2 TQBMib #2ir22M RNed M/ RN3y U7`QK keXNW mT iQ 9NWV r?BH2 i?2 BM+`2b2 7Q`
i?2 #QiiQK i?`22 /2+BH2b `M;2/ #2ir22M 8 M/ d T2`+2Mi;2 TQBMibX h?Bb mTr`/ i`2M/
rb bm#biMiBHHv `2p2`i2/ /m`BM; i?2 /2+/2 Q7 RN3ybX h?Bb rb i?2 `2bmHi Q7 KDQ`
`27Q`Kb bm+? b _2;MǶb ht _27Q`K +i Q7 RN3e- r?B+? HQr2`2/ i?2 iQT biimiQ`v
`i2 7`QK 8yW iQ k3W UHi?Qm;? i?2 #QiiQK it `i2 BM+`2b2/ #v 9 T2`+2Mi;2 TQBMibVX
kRa22 6B;m`2 k 7Q` i?2 2pQHmiBQM Q7 i?2 p2`;2 it `i2 /m`BM; i?2 bK2 T2`BQ/X
kk"``Q M/ _2/HB+F UkyRRV mb2b /i 7`QK  `M/QK bKTH2 QM +imH it }H2b M/ +QKTmi2b i?2
p2`;2 K`;BMH it `i2 rBi? hsaAJX
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aQK2 bKHH2` it BM+`2b2b Q++m``2/ /m`BM; i?2 2`Hv RNNyb U2X;X  it ?BF2 iQ ?B;?
BM+QK2 2`M2`b /m`BM; *HBMiQMǶb T`2bB/2M+v BM+`2b2/ i?2 K`;BMH it `i2 Q7 i?2 iQT
/2+BH2 7`QK jRXjW iQ HKQbi jjW BM RNN9VXh?2 BM+`2b2 Q7 i?2 p2`;2 K`;BMH it `i2
7Q` i?2 #QiiQK /2+BH2 bBM+2 i?2 2M/ Q7 i?2 RN3yb M/ 2p2M #Qp2 i?2 p2`;2 K`;BMH
it `i2b Q7 Qi?2` /2+BH2b Bb i?2 `2bmHi Q7 i?2 2tTMbBQM Q7 i?2 1Ah*Xkj
SM2H " BM 6B;m`2 k b?Qrb i?2 BM/BpB/mH 72/2`H BM+QK2 it `i2b 7Q` i?2 SaA.
?Qmb2?QH/b +QKTmi2/ mbBM; i?2 L"1_ +H+mHiQ`Xk9 h?2 };m`2 /BbiBM;mBb?2b #2ir22M
it `i2b #27Q`2 M/ 7i2` i?2 _2;M RNe3 `27Q`KX h?2 THQi b?Qrb i?2 MQiB+2#H2 i`Mb@
7Q`KiBQM Q7 i?2 it +Q/2 7QHHQrBM; i?2 ht _27Q`K +i Q7 RN3e- r?B+? bm#biMiBHHv
bBKTHB}2/ i?2 la it +Q/2X
h?2 ?B;? p`BiBQM Q7 it2b Qp2` iBK2 M/ +`Qbb BM/BpB/mHb /2TB+i2/ BM 6B;m`2 k
bmTTQ`ib i?2 B/2MiB}+iBQM Q7 i?2 +mbH BKT+i Q7 it `27Q`Kb QM BM+QK2 KQ#BHBivX
jXj h?2 `2HiBQMb?BT #2ir22M itiBQM M/ AM+QK2 KQ#BHBiv
h?Bb bm#b2+iBQMb 2tTHQ`2b i?2 `2HiBQMb?BT #2ir22M BM+QK2 KQ#BHBiv M/ itiBQM i
i?2 ;;`2;i2 H2p2HX h?2 +Q``2HiBQM #2ir22M i?2 BM/B+2b Q7 KQ#BHBiv R@A_ M/ LhA
U/2b+`B#2/ BM a2+iBQM jXRV M/ i?2 Jh_ 7`QK "``Q M/ _2/HB+F UkyRRV `M;2b #2ir22M
kjLQi2 i?i r?BH2 Hi2`iBQMb Q7 i?2 1Ah* M/ Qi?2` T`QpBbBQMb ?p2 BM+`2b2/ i?2 p2`;2 K`;BMH
`i2 Q7 i?2 #QiiQK /2+BH2b- i?2 it T`2bbm`2 Q7 i?Bb ;`QmT Ub K2bm`2/ #v i?2 p2`;2 it `i2 b?QrM
BM 6B;m`2 kV ?b HQr2`2/ bBM+2 RN3eX
k9h?2 SaA. T`QpB/2/ M 2biBKiBQM Q7 i?2 K`;BMH it `i2 QM 72/2`H BM+QK2 /m`BM; RNde@RNNR
#b2/ QM [m2biBQM BM i?2 bm`p2v `2;`/BM; 2t2KTiBQMb- }HHBM; biimb- 2i+X h?2 +Q``2HiBQM rBi? Kv
K`;BMH it `i2 +QKTmi2/ i?`Qm;? hsaAJ Bb #Qp2 NyWX "mi`B+ M/ "m`F?mb2` URNNdV 2tTHQ`2
i?2 /Bz2`2M+2b #2ir22M i?2 SaA. bBKmHiBQMb M/ hsaAJX
k8h?2 2z2+i Q7 τRomer QM Qi?2` K2bm`2b Q7 KQ#BHBiv b /2b+`B#2/ BM a2+iBQM jXR `M;2b #2ir22M @
yXyk9k M/ @yXyydj /2T2M/BM; QM i?2 BM/2t +QMbB/2`2/- i?2 /2}MBiBQM Q7 BM+QK2- M/ MmK#2` Q7 BM+QK2
`MFb U/2+BH2b Q` [mMiBH2bVX >Qr2p2`- bQK2 Q7 i?2b2 +Q2{+B2Mib `2 2biBKi2/ rBi? ?B;? biM/`/
2``Q`bX
j8@98WX >Qr2p2`- i?2 2pQHmiBQM Q7 i?2 Jh_ Bb MQi 2t+HmbBp2Hv `2bi`B+i2/ iQ it2b BM
H2;BbHiBQM- #mi HbQ i?2 `2bmHi Q7 K+`Q2+QMQKB+ /2p2HQTK2Mib U2X;X BM~iBQM BM+`2bBM;
i?2 it#H2 BM+QK2 Q7 ?Qmb2?QH/b M/ Tmb?BM; i?2K iQ ?B;?2` it #`+F2ibVX
AM Q`/2` iQ BbQHi2 +?M;2b BM i?2 la it +Q/2 7`QK K+`Q2+QMQKB+ /2p2HQTK2Mib- A
mb2 i?2 K2bm`2 Q7 H2;BbHi2/ it +?M;2b /2p2HQT2/ #v _QK2` M/ _QK2` UkyRyVX h?2
mi?Q`b T`Q/m+2  M``iBp2 b2`B2b Q7 +?M;2b BM 72/2`H it `2p2Mm2b Ub  T2`+2Mi;2
Q7 :.SV #v /Q+mK2MiBM; H2;BbHi2/ it +?M;2b BM i?2 TQbir` laX h#H2 R b?Qrb i?2
+Q``2HiBQM #2ir22M i?2 KQ#BHBiv BM/B+2b K2MiBQM2/ BM a2+iBQM jXR M/ i?2 _QK2` M/
_QK2` UkyRyV K2bm`2 Q7 H2;BbHi2/ it +?M;2b UτRomerVX h?2 `2HiBQMb?BT #2ir22M it
+?M;2b M/ KQ#BHBiv TT2`b iQ #2 M2;iBp2- H#2Bi bKHHX M PGa `2;`2bbBQM Q7 i?2
T2`+2Mi;2 Q7 ?Qmb2?QH/b +?M;BM; /2+BH2b UQ7 M2i BM+QK2V QM i?2 M``iBp2 b2`B2b τRomer
vB2H/b  bHQT2 +Q2{+B2Mi Q7 0.0159 U`Q#mbi biM/`/ 2``Q` Q7 yXyye9V- bm;;2biBM; i?i
H2;BbHi2/ it +?M;2b i?i BM+`2b2 it `2p2Mm2b #v RW Q7 :.S `2/m+2b i?2 T2`+2Mi;2
Q7 ?Qmb2?QH/b +?M;BM; /2+BH2b #v #Qmi RXe T2`+2Mi;2 TQBMibXk8
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h?2 +Q``2HiBQMb 7`QK h#H2 R b?QmH/ MQi #2 ;Bp2M  +mbH BMi2`T`2iiBQMX G2;Bb@
Hi2/ +?M;2b BM i?2 it +Q/2 `2 bQK2iBK2b i?2 `2bmHi Q7 +QMi2KTQ`M2Qmb 2+QMQKB+
/2p2HQTK2Mib- r?i +QmH/ `2bmHi BM  T`Q#H2K Q7 2M/Q;2M2Biv r?2M mbBM; ;;`2;i2 /iX
AM i?Bb +QMi2ti- i?2 Q#b2`p2/ M2;iBp2 +Q``2HiBQM #2ir22M KQ#BHBiv M/ it2b rQmH/ #2
i?2 `2bmHi Q7 i?2 bii2 Q7 i?2 2+QMQKv- b QTTQb2/ iQ i?2 /BbBM+2MiBp2b T`Q/m+2/ #v i?2
it bvbi2KX
hQ 7m`i?2` 2tTHQ`2 i?2 `2HiBQMb?BT #2ir22M BM+QK2 KQ#BHBiv M/ it2b M/ i?2
/B`2+iBQM Q7 +mbHBiv- A +QMbB/2` M Hi2`MiBp2 K2bm`2 iQ τRomer i?i QMHv BM+Hm/2b it
+?M;2b MQi KQiBpi2/ #v 2+QMQKB+ /2p2HQTK2MibX _QK2` M/ _QK2` UkyRyV T`Q/m+2
bm+? M``iBp2 #v 2tTHQ`BM; i?2 KQiBpiBQM #2?BM/ 2+? it +?M;2 M/ +HbbB7vBM; i?2K
b 2M/Q;2MQmb UKQiBpi2/ #v 2+QMQKB+ K2MBM;bV Q` 2tQ;2MQmb UKQiBpi2/ #v B/2QHQ;v
Q` Qi?2` +QM+2`Mb mM+Q``2Hi2/ iQ i?2 +m``2Mi bii2 Q7 i?2 2+QMQKvVX J2`i2Mb M/ _pM
UkyRjV M/ J2`i2Mb UkyRjV 7m`i?2` `2}M2 i?Bb b2`B2b #v +QMbB/2`BM; QMHv i?Qb2 2tQ;2MQmb
it +?M;2b i?i z2+i 2KTHQvK2Mi it2b Q` BM/BpB/mH BM+QK2 i?i #2+K2 2z2+iBp2
rBi?BM QM2 v2` Q7 i?2B` H2;BbHiBQMXke
6B;m`2 j THQib i?2 `2HiBQMb?BT #2ir22M bQK2 `2H2pMi BM/B+2b Q7 KQ#BHBiv #b2/
keh?Bb Hbi +`Bi2`BQM ++QmMib 7Q` i?2 2z2+i Q7 MiB+BTiBQM UBX2X i?2 +b2 r?2`2 i?2 2+QMQK2i`B+BM
?b H2bb BM7Q`KiBQM i?M i?2 2+QMQKB+ ;2MibVX a22 J2`i2Mb M/ _pM UkyRRV M/ J2`i2Mb M/ _pM
UkyRkV 7Q` M MHvbBb M/ 2pB/2M+2 QM i?2 2z2+ib Q7 MiB+BTiBQM BM it2b- M/ _K2v UkyRRV 7Q` i?2
+b2 Q7 MiB+BTiBQM BM ;Qp2`MK2Mi bT2M/BM;X
QM M2i BM+QK2 UR@A_- LhA M/ i?2 MmK#2` Q7 BM+QK2 i?`2b?QH/b Tbb2/V M/ i?2 irQ
M``iBp2 K2bm`2b Q7 2tQ;2MQmb H2;BbHi2/ it +?M;2b Uτ exo−TOT M/ τ exo−PIV /2b+`B#2/
BM i?2 T`2pBQmb T`;`T?X G`;2 it +mib b22K iQ #2 bbQ+Bi2/ rBi? ?B;?2` pHm2b Q7 i?2
KQ#BHBiv BM/B+2b UKQ`2 `2H2pMi r?2M +QMbB/2`BM; i?2 K2bm`2 #b2/ QM mMMiB+BTi2/
T2`bQMH BM+QK2 it +?M;2b- τ exo−PIVX *Q``2HiBQMb #2ir22M i?2b2 irQ p`B#H2b `M;2
7`QK −11% iQ −35%X >Qr2p2`- i?2 HBKBi2/ MmK#2` Q7 it +?M;2b K22iBM; i?2 #Qp2
+`Bi2`B KF2b Bi /B{+mHi iQ Q#iBM +QM+HmbBp2 `2bmHib 7`QK i?Bb T`2HBKBM`v MHvbBbX h?2
M2ti b2+iBQM MHvb2b 7m`i?2` i?Bb [m2biBQM #v 2tTHQBiBM; i?2 /Bb;;`2;i2/ BM7Q`KiBQM
+QMiBM2/ BM i?2 SaA. /iX
9 1KTB`B+H MHvbBb
9XR 1biBKiBQM ai`i2;v
h?2 Q#D2+iBp2 Q7 i?Bb b2+iBQM Bb iQ [mMiB7v i?2 2z2+i Q7 itiBQM QM BM+QK2 KQ#BHBivX hQ
2biBKi2 i?Bb 2z2+i A `2;`2bb K2bm`2b Q7 KQ#BHBiv i?i p`v QM i?2 /2}MBiBQM Q7 BM+QK2
M/ i?2 MmK#2` Q7 `MFb mb2/ iQ /BpB/2 i?2 BM+QK2 /Bbi`B#miBQM QM i?2 K`;BMH it
`i2X A 2biBKi2 i?2 7QHHQrBM; `2;`2bbBQM,
mobilityi,t = A+Bi +Bt + βτi,t + γXi,t + εi,t UjV
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r?2`2 mobilityi,t ∈ {0, 1} Bb  #BM`v p`B#H2 i?i iF2b pHm2 1 r?2M  ?Qmb2?QH/
+?M;2b iQ  /Bz2`2Mi BM+QK2 `MF #2ir22M T2`BQ/b t−1 M/ tX Bi `2T`2b2Mib BM/BpB/mH
}t2/ 2z2+ib i?i `2 bbmK2/ iQ `2KBM +QMbiMi Qp2` iBK2X Bt `2T`2b2Mib iBK2 }t2/
2z2+ib r?B+? +M ?p2 M BM~m2M+2 QM i?2 /2T2M/2Mi p`B#H2 i i?2 ;;`2;i2 H2p2H
U2X;X  K+`Q2+QMQKB+ b?Q+F z2+iBM; BM+QK2 KQ#BHBivVX τi,t Bb i?2 K`;BMH it `i2 Q7
BM/BpB/mH i BM iBK2 t +QKTmi2/ mbBM; hsaAJ b 2tTHBM2/ BM a2+iBQM jX AM/BpB/mH@
bT2+B}+ b?Q+Fb iQ BM+QK2 KQ#BHBiv BM T2`BQ/ t `2 /2MQi2/ #v εi,tX
h?2 BKT+i Q7 it2b QM BM+QK2 KQ#BHBiv +M #2 z2+i2/ #v /Bz2`2Mi 7+iQ`bX GB72@
+v+H2 +QMbB/2`iBQMb `2 BKTQ`iMi bBM+2 i?2 /2+BbBQMb i?i /2i2`KBM2 BM+QK2 KQ#BHBiv
UH#Qm` BM+QK2 Q` bb2i BM+QK2V +M #2 /Bz2`2Mi 7Q` vQmM;2` Q` QH/2` ?Qmb2?QH/bX S`27@
2`2M+2b iQr`/b H2Bbm`2 +M HbQ p`v Qp2` iBK2- /2T2M/BM; QM i?2 7KBHv +QKTQbBiBQMXkd
//BiBQMHHv- ?2Hi?@`2Hi2/ 7+iQ`b +M TQi2MiBHHv z2+i H#Qm` BM+QK2 M/ i?2`27Q`2-
kdG#Qm` bmTTHB2/ #v i?2 bTQmb2 Bb M BKTQ`iMi 7+iQ` iQ iF2 BMiQ ++QmMi BM i?Bb MHvbBb bBM+2
K``B2/ 72KH2 rQ`F2`b ?p2  KQ`2 /BbT2`b2 /Bbi`B#miBQM Q7 ?Qm`b rQ`F2/ M/ `2- i?2`27Q`2- KQ`2
HBF2Hv iQ #2 #H2 iQ /Dmbi i?2B` rQ`FHQ/X a22 "HmM/2HH 2i HX URNN3V 7Q` M BMp2biB;iBQM QM i?2 2z2+ib
Q7 it `27Q`Kb QM 72KH2 H#Qm` bmTTHvX
k3a22 6`2M+? Ukyy8V 7Q` M BMp2biB;iBQM QM ?Qr ?2Hi? z2+ib H#Qm` bmTTHv M/ `2iB`2K2Mi /2+BbBQMbX
kNh`Mb72`b BM+Hm/2 #Qi? MQM@it#H2 Tm#HB+ BM+QK2 U2X;X amTTH2K2MiH a2+m`Biv AM+QK2 UaaAV #2M2@
}ibV M/ BM+QK2 i`Mb72``2/ 7`QK Qi?2` bQm`+2b U2X;X `2HiBp2VX .m`BM; i?2 T2`BQ/ +QMbB/2`2/- i?2 SaA.
/Q2b MQi Qz2` 2t+i BM7Q`KiBQM QM Tm#HB+ i`Mb72`b HQM2 UaaA Bb `2TQ`i2/- #mi Qi?2`b `2 MQiV rBi?
v2`Hv 7`2[m2M+vX >Qr2p2`- i?2 T2`+2Mi;2 Q7 MQM@Tm#HB+ BM+QK2 BM i?2 i`Mb72`b p`B#H2 +QMbB/2`2/
?2`2 rb QMHv #Qmi yX9W BM RN3y- QM p2`;2X
KQ#BHBivXk3 hQ ++QmMi 7Q` HH i?2b2 7+iQ`b- p2+iQ` Xi,t BM 2[miBQM j BM+Hm/2b i?2 ;2 Q7
i?2 ?2/ M/ rB72- i?2 bBx2 Q7 7KBHv- MmK#2` Q7 +?BH/`2M #2HQr R3 BM i?2 ?Qmb2?QH/- 
/mKKv 7Q`  rQ`FBM; bTQmb2 M/  /mKKv 7Q` i?2 ?2Hi? biimb Q7 i?2 ?2/ b +QMi`QH
p`B#H2bX
A rBHH +QMbB/2` bT2+B}+iBQMb r?2`2 i?2 /2T2M/2Mi p`B#H2 mobilityi,t /Bz2`b BM ?Qr
BM+QK2 Bb K2bm`2/, BM+QK2 #27Q`2 72/2`H it2b- BM+QK2 7i2` 72/2`H it2b #mi #27Q`2
i`Mb72`b- M/ BM+QK2 7i2` it2b M/ i`Mb72`bXkN AM i?Bb rv- r2 rBHH #2 #H2 iQ /Bb@
iBM;mBb? r?2i?2` i?2 TQi2MiBH BKT+i Q7 it2b QM BM+QK2 KQ#BHBiv Bb `2bi`B+i2/ iQ i?2
`2/Bbi`B#miBp2 2z2+i Q7 i?2 it M/ i`Mb72` bvbi2K Q` ?b  KQ`2 7mM/K2MiH `2bQM
bm+? b z2+iBM; i?2 H#Qm` bmTTHv +?QB+2b Ub /2b+`B#2/ BM a2+iBQM kVX A rBHH HbQ +QM@
bB/2` bT2+B}+iBQMb r?2`2 i?2 /2T2M/2Mi p`B#H2 mobilityi,t /Bz2`b BM ?Qr `MFb Q7 i?2
BM+QK2 /Bbi`B#miBQM `2 /2}M2/- /BbiBM;mBb?BM; #2ir22M /2+BH2b M/ [mBMiBH2b BM Q`/2`
iQ 7m`i?2` bmTTQ`i i?2 `Q#mbiM2bb Q7 i?2 `2bmHibX
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9Xk _2bmHib 7`QK PGa `2;`2bbBQMb
h#H2 R b?Qrb i?2 `2bmHib Q7 2biBKiBM; 1[miBQM j mbBM; PGaX h?2 2z2+i Q7 i?2 K`;BMH
`i2 QM i?2 T`Q##BHBiv i?i i?2 ?Qmb2?QH/ KQp2b iQ  /Bz2`2Mi /2+BH2 Q7 T`2@it BM+QK2
Bb M2;iBp2 M/ ?B;?Hv bB;MB}+Mi, i?2 TQBMi 2biBKi2 Bb −0.383 UbiM/`/ 2``Q` Q7
0.06VXjy h?2 `2bmHib `2 `Q#mbi iQ i?2 BM+HmbBQM Q7 +QMi`QH p`B#H2b `2;`/BM; HB72@+v+H2-
/2KQ;`T?B+b- bTQmb2 H#Qm` bmTTHv Q` ?2Hi? biimbX
h#H2 k 2tTHQ`2b i?2 2z2+ib Q7 itiBQM QM Hi2`MiBp2 K2bm`2b Q7 BM+QK2 M/ BM+QK2
`MFbX *QHmKMb R@j `2TQ`i i?2 BKT+i QM i?2 T`Q##BHBiv Q7 +?M;BM; /2+BH2b Q7 BM+QK2
#27Q`2 it2b M/ i`Mb72`b- BM+QK2 7i2` it2b M/ #27Q`2 i`Mb72`b- M/ BM+QK2 7i2`
it2b M/ i`Mb72`b- `2bT2+iBp2HvX *QHmKMb 9@e mb2 i?2 bK2 K2bm`2b Q7 BM+QK2 #mi
+QMbB/2` BMbi2/ i?2 2z2+ib QM i?2 T`Q##BHBiv Q7 +?M;BM; [mBMiBH2b Q7 BM+QK2X h?2
2biBKi2/ +Q2{+B2Mi Q7 i?2 K`;BMH it `i2 Bb bB;MB}+Mi #Qp2 i?2 NNW H2p2H 7Q` HH
bBt bT2+B}+iBQMbX h?2 bBx2 Q7 i?2 2z2+i Bb #Qmi @yX9yf@yXj8 7Q` KQbi `2;`2bbBQMb- rBi?
i?2 bT2+B}+iBQM i?i +QMbB/2`b +?M;2b BM [mMiBH2b Q7 TQbi@i`Mb72` BM+QK2 `2TQ`iBM; 
bHB;?iHv bKHH2` 2biBKi2 U@yXk38VX Pp2`HH- i?2b2 `2bmHi bm;;2bi i?i i?2`2 Bb  M2;iBp2
jyh?`Qm;?Qmi i?Bb TT2`- KQ/2Hb i?i 2biBKi2  #BM`v Qmi+QK2 `2TQ`i 2biBKi2b i?i +M #2
BMi2`T`2i2/ b +?M;2b BM T`Q##BHBivX 6Q` 2tKTH2- M 2biBKi2 Q7 @yXj3j `2T`2b2Mib  `2/m+iBQM Q7
bm++2bb Q7 i?2 /2T2M/2Mi p`B#H2 Q7 yXj3j T2`+2Mi;2 TQBMibX
`2HiBQMb?BT #2ir22M it2b M/ BM+QK2 KQ#BHBivX
9Xj _2bmHib 7`QK Ao `2;`2bbBQMb
h?2 la it +Q/2 Bb T`Q;`2bbBp2 M/ i?2 K`;BMH it `i2 /2T2M/b i?2`27Q`2 QM BM+QK2X
h?Bb +mb2b τi,t BM 1[miBQM j iQ #2 2M/Q;2MQmb, r?2M  b?Q+F εi,t z2+ib BM+QK2
TQbBiBp2Hv- i?2 ?Qmb2?QH/ rBHH #2 Tmb?2/ iQ  ?B;?2` it #`+F2i- M/ `2M/2`BM; i?2 PGa
2biBKiBQM Q7 1[miBQM j #Bb2/X AM T`BM+BTH2- i?2 /B`2+iBQM Q7 i?2 2M/Q;2M2Biv #Bb
Bb MQi +H2` bBM+2 Bi /2T2M/b QM ?Qr  b?Q+F iQ εi,t z2+ib τi,tX *QMbB/2` i?2 +b2 Q7
 TQbBiBp2 BM/BpB/mH b?Q+F U2X;X  iBK2 p`vBM; T`272`2M+2 b?Q+FV i?i `Bb2b BM+QK2
M/- b `2bmHi Q7 Bi- KQ#BHBivX aBM+2 i?2 BM/BpB/mH rBHH 7+2  ?B;?2` it #`+F2i- i?2
`2HiBQMb?BT #2ir22M i?2 b?Q+F M/ τi,t Bb TQbBiBp2- KFBM; i?2 PGa mTr`/ #Bb2/X AM
i?2 QTTQbBi2 +b2-  b?Q+F i?i /2+`2b2b BM+QK2 U#mi biBHH BM+`2b2b KQ#BHBivV `2/m+2b
i?2 it #`+F2i- BM/m+BM;  /QrMr`/ #Bb BM i?2 PGa 2biBKiBQMbX A7 r2 +QMbB/2` i?i
TQbBiBp2 b?Q+Fb iQ εi,t `2 KQ`2 HBF2Hv iQ /`Bp2 BM+QK2 mT U#2+mb2 ?Qmb2?QH/b ?p2 KQ`2
K`;BM iQ BM+`2b2 ?Qm`b rQ`F2/ M/ BM+QK2 BM i?2 7+2 Q7 TQbBiBp2 T`272`2M+2 b?Q+Fb
b QTTQb2/ iQ b?Q+Fb i?i KF2 i?2K rBHHBM; iQ +mi ?Qm`b M/ BM+QK2V- i?2M i?2 }`bi
2z2+i /QKBMi2b- M/ i?2 +Q``2HiBQM #2ir22M εi,t M/ τi,t Bb TQbBiBp2- KFBM; i?2 PGa
2biBKi2b #Bb2/ iQr`/b TQbBiBp2 pHm2bX
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hQ //`2bb i?Bb T`Q#H2K Q7 2M/Q;2M2Biv- A +QMbi`m+i M BMbi`mK2Mi i?i BbQHi2b i?2
p`BiBQM BM τi,t i?i Bb QMHv /m2 iQ +?M;2b BM i?2 it `27Q`KbXjR h?2 BMbi`mK2Mi Bb
/2}M2/ b,
Δτ t−1i,t = τ
t
i,t − τ t−1i,t U9V
r?2`2 τ ti,t Bb i?2 +imH it `i2 7+2/ #v ?Qmb2?QH/ i- rBi? BM+QK2 2`M2/ BM iBK2 t
M/ 2KTHQvBM; i?2 it +Q/2 7Q` }b+H v2` tX τ t−1i,t Bb i?2 +QmMi2`7+imH it `i2 i?i
 ?Qmb2?QH/ i rBi? +m``2Mi BM+QK2 7`QK iBK2 t rQmH/ ?p2 7+2/ ?/ i?2 it b+?2/mH2
7`QK iBK2 t − 1 `2KBM2/ T`2b2MiX "Qi? i?2 +imH M/ i?2 +QmMi2`7+imH it `i2b
`2 +QKTmi2/ mbBM; hsaAJ b /2b+`B#2/ BM a2+iBQM jX q?2M Δτ t−1i,t Bb TQbBiBp2- 
?Qmb2?QH/ 7+2b  ?B;?2` it T`2bbm`2 b  `2bmHi Q7  }b+H `27Q`KX *QMp2`b2Hv- M2;iBp2
pHm2b Q7 Δτ t−1i,t BM/B+i2b i?i it `27Q`Kb `2H2pMi 7Q` ?Qmb2?QH/ i ?p2 `2bmHi2/ BM
HQr2` it T`2bbm`2X
SM2H  Q7 6B;m`2 9 b?Qrb i?2 p2`;2 Q7 Δτ t−1i,t 7Q` 2+? BM+QK2 /2+BH2X h?2 };m`2
BHHmbi`i2b i?2 2ti2Mi iQ r?B+? M2r it H2;BbHiBQM ?b z2+i2/ 72/2`H BM+QK2 HB#BHBiB2bX
jRh?Bb bi`i2;v ?b #22M HbQ 2KTHQv2/ BM i?2 BM+QK2 2HbiB+Biv HBi2`im`2, b22 :`m#2` M/ a2x
UkyykV 7Q` M 2tKTH2 M/ a2x 2i HX UkyRkV 7Q`  `2pB2r Q7 i?Bb HBi2`im`2 M/ Bib B/2MiB}+iBQM
TT`Q+?2bX
jk bvbi2KiB+ +Q``2HiBQM #2ir22M BM+QK2 M/ +?M;2b BM it H2;BbHiBQM rQmH/ i?`2i i?2 pHB/Biv
Q7 Δτ t−1i,t b M 2tQ;2MQmb BMbi`mK2MiX AM+Hm/BM;  HQM; TM2H r?2`2 it `27Q`Kb `2 i?2 `2bmHi Q7
/Bz2`2Mi B/2QHQ;B+H TQbBiBQMb KBiB;i2b i?Bb T`Q#H2KX a2+iBQM 8 +?2+Fb i?2 `Q#mbiM2bb Q7 i?2 `2bmHib iQ
BM+Hm/BM; H; BM+QK2 Ub22 :`m#2` M/ a2x UkyykV 7Q`  /Bb+mbbBQMVX
jjh?2 6@biiBbiB+ 7`QK i?2 }`bi@bi;2 `2;`2bbBQMb b?Qrb   p2`v ?B;? pHm2 #Qp2 R8yy 7Q` HH i?2
bT2+B}+iBQMb- BM/B+iBM; i?i i?2 BMbi`mK2Mi Bb `2H2pMiX aQK2 bT2+B}+iBQMb `2/m+2 +QMbB/2`#Hv i?Bb
pHm2- Hi?Qm;? Bi Hrvb `2KBMb r2HH #Qp2 RyX
b K2MiBQM2/ BM a2+iBQM j- i?2 la ?b 2tT2`B2M+2/ b2p2`H it `27Q`Kb /m`BM; RNed@RNNeX
h?2b2 `27Q`Kb 72im`2 T`QKBM2MiHv BM 6B;m`2 9- b?QrBM; bB;MB}+Mi p`BiBQM Qp2` iBK2
M/ +`Qbb BM+QK2 /2+BH2bX h?2b2 `2 i?2 +b2b Q7- 7Q` 2tKTH2 i?2 ;2M2`HBb2/ /2+`2b2
BM biimiQ`v it `i2b Q7 i?2 ht _27Q`K +i Q7 RN3e- Q` i?2 BM+`2b2 BM i?2 `i2 b+?2/mH2
Q7 ?B;? BM+QK2 ?Qmb2?QH/b b  `2bmHi Q7 i?2 PKMB#mb "m/;2i _2+QM+BHBiBQM +i Q7 RNNjX
SM2H " Q7 6B;m`2 9 b?Qrb i?2 T2`+2Mi;2 Q7 T2QTH2 BM i?2 bKTH2 i?i `2 z2+i2/ #v it
`27Q`Kb UBX2X i?Qb2 rBi? Δτ t−1i,t = 0VX h?2 };m`2 b?Qrb i?i r?BH2 bQK2 `27Q`Kb z2+i2/
KQbi Q7 ?Qmb2?QH/b Ui?2 +b2 Q7 it H2;BbHiBQM /m`BM; RN3y@RN3NV- bQK2 it H2;BbHiBQMb
QMHv i`;2i2/ HQr BM+QK2 2`M2`b U#2ir22M RNd9@RNd3V- r?BH2 Qi?2`b r2`2 7Q+mb2/ QM
`B+?2` ?Qmb2?QH/b Ui?2 +b2 Q7 PKMB#mb "m/;2i _2+QM+BHBiBQM +i Q7 RNNjVXjk
h#H2 j b?Qrb i?2 `2bmHib Q7 2biBKiBM; 1[miBQM j mbBM; it `27Q`Kb b M BMbi`m@
K2Mi 7Q` i?2 K`;BMH it `i2Xjj h?2 2biBKi2/ +Q2{+B2Mib Q7 i?2 K`;BMH it `i2b
`2 HKQbi /Qm#H2 i?2 bBx2 +QKT`2/ iQ i?2 PGa 2biBKiQ`b- bm;;2biBM; i?i i?2 Hii2`
bmz2` 7`QK M mTr`/ #BbX h?2 T`Q##BHBiv Q7 +?M;BM; iQ  /Bz2`2Mi /2+BH2 Q7 BM+QK2
r?2M i?2 it `i2 ;Q2b mT #v QM2 T2`+2Mi;2 TQBMi Bb 2biBKi2/ iQ #2 `2/m+2/ #v #Qmi
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yX3 T2`+2Mi;2 TQBMib U+QHmKMb R@j BM h#H2 jV, @yX3Rj r?2M mbBM;  T`2@it K2bm`2
Q7 BM+QK2 Q` @yXdeN r?2M +QMbB/2`BM; BM+QK2 7i2` 72/2`H it2b- rBi?  biM/`/ 2``Q`
Q7 yXkjX
h?2 2z2+i Q7 it2b QM KQ#BHBiv r?2M mbBM;  /Bbi`B#miBQM Q7 BM+QK2 Q`/2`2/ BM [mBM@
iBH2b Bb HbQ M2;iBp2- Hi?Qm;? bHB;?iHv bKHH2` BM K;MBim/2 U#mi #B;;2` BM #bQHmi2
pHm2 i?M i?2 2[mBpH2Mi PGa 2biBKi2bVX h?2 +?M;2 BM i?2 T`Q##BHBiv i?i ?Qmb2@
?QH/bǶ BM+QK2 `2KBMb BM i?2 bK2 [mBMiBH2 7i2` M BM+`2b2 Q7 QM2 T2`+2Mi;2 TQBMi BM
i?2 K`;BMH it `i2 Bb 2biBKi2/ iQ #2 `QmM/ yX8 T2`+2Mi;2 TQBMib U+QHmKMb 9@e BM
h#H2 jV- bB;MB}+Mi i H2p2Hb Q7 +QM}/2M+2 Q7 N8WX
hQ mM/2`biM/ i?2 K;MBim/2 Q7 i?Bb 2z2+i- +QMbB/2`  `2/m+iBQM BM i?2 K`;BMH
`i2 Q7 d T2`+2Mi;2 TQBMib- r?B+? Bb bHB;?iHv bKHH2` i?M i?2 biM/`/ /2pBiBQM Q7
MQM@x2`Q +?M;2b BM i?2 +imH it `i2 τi,tX h?2 T`Q##BHBiv i?i  ?Qmb2?QH/ KQp2b iQ
 /Bz2`2Mi /2+BH2 BM i?2 BM+QK2 /Bbi`B#miBQM BM+`2b2b #v #Qmi 8X9@8Xd T2`+2Mi;2 TQBMib
U/2T2M/BM; QM i?2 /2}MBiBQM Q7 BM+QK2VX P`- BM Qi?2` rQ`/b-  d T2`+2Mi;2 TQBMi +mi
BM i?2 K`;BMH `i2 KF2b i?2 ?Qmb2?QH/ #Qmi 8X8TT H2bb HBF2Hv iQ `2KBM BM i?2 bK2
BM+QK2 /2+BH2X h?Bb `2T`2b2Mib  i2Mi? Q7 i?2 p2`;2 HBF2HB?QQ/ Q7 KQpBM; iQ  /Bz2`2Mi
BM+QK2 /2+BH2 rBi?BM QM2 v2`Xj9
h?2 K;MBim/2b `2 `2K`F#Hv bBKBH` r?2M +QMbB/2`BM; KQp2K2Mib +`Qbb [mBM@
iBH2b Q7 BM+QK2X  d T2`+2Mi;2 TQBMi /2+`2b2 BM i?2 K`;BMH `i2 `2bmHib BM ?Qmb2?QH/b
#2BM; `QmM/ jX8 T2`+2Mi;2 TQBMib KQ`2 HBF2Hv iQ KQp2 iQ  /Bz2`2Mi BM+QK2 [mBMiBH2X
b #27Q`2- i?Bb HbQ `2T`2b2Mib  i2Mi? Q7 i?2 p2`;2 T`Q##BHBiv Q7 KQp2K2Mi BM i?2
BM+QK2 [mBMiBH2 /Bbi`B#miBQM Qp2` i?2 +Qm`b2 Q7  v2`X
9X9 p2`;2 M/ K`;BMH it `i2b
ht `27Q`Kb +M BKT+i QM 2z2+iBp2 K`;BMH `i2b /B`2+iHv i?`Qm;? +?M;2b BM i?2
biimiQ`v it `i2b Q` #v BMi`Q/m+BM; T`QpBbBQMb i?i z2+i /2/m+iBQMb- it +`2/Bib Q`
+Qp2`;2X h?2`27Q`2- r?BH2 bQK2 +?M;2b BM i?2 la it +Q/2 ?p2 M 2z2+i i?`Qm;? i?2
K`;BMH it `i2b- Qi?2`b `2/m+2 i?2 it HB#BHBiB2b M/ z2+i i?2 p2`;2 it `i2X
AM i?Bb bm#b2+iBQM A i`v iQ BbQHi2 i?2 2z2+ib Q7 +?M;2b BM K`;BMH it `i2b τi,t M/
p2`;2 K`;BMH it `i2b τ¯i,t- #v 2tTHQBiBM; p`BiBQM Qp2` iBK2 M/ +`Qbb BM/BpB/mHb
BM p2`;2 M/ K`;BMH it `i2bX A 2biBKi2  p2`bBQM Q7 1[miBQM j i?i BM+Hm/2b i?2
p2`;2 it `i2 τ¯i,tXj8 A +QMbi`m+i M/ BMbi`mK2Mi BM i?2 bK2 7b?BQM b BM 1[miBQM 9,
A +QKTmi2 i?2 /Bz2`2M+2 #2ir22M i?2 +imH p2`;2 it `i2 BM iBK2 t M/  +QmMi2`@
7+imH p2`;2 it `i2 #b2/ QM BM+QK2 Q#iBM2/ BM iBK2 t it2/ mbBM; i?2 +Q/2 Q7
j9h?2 p2`;2 T`Q##BHBiv Q7 +?M;BM; /2+BH2b #2ir22M #2ir22M irQ v2`b Bb 88W 7Q` i?2 T`2@it M/
TQbi@it /2}MBiBQMb Q7 BM+QK2- M/ 8dW 7Q` BM+QK2 TQbi@i`Mb72`bX h?2 p2`;2 HBF2HB?QQ/ Q7 +?M;BM;
[mBMiBH2b Q7 BM+QK2 Bb bKHH2`, j8W 7Q` T`2@it M/ TQbi@it BM+QK2 M/ jeW 7Q` TQbi@i`Mb72` BM+QK2X
j8p2`;2 it `i2b `2 +QMbi`m+i2/ #v /BpB/BM; 72/2`H BM+QK2 HB#BHBiB2b #v BM+QK2X 6B;m`2 k THQi
i?2 2pQHmiBQM Q7 i?2b2 it `i2b BM i?2 la #2ir22M RNed M/ RNNe- p2`;2/ +`Qbb BM+QK2 /2+BH2bX
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v2` t− 1X 6B;m`2 j b?Qrb i?2 2pQHmiBQM BM iBK2 M/ +`Qbb BM+QK2 /2+BH2b Q7 i?Bb M2r
BMbi`mK2MiX
h#H2 9 /BbTHvb i?2 `2bmHib Q7 2biBKiBM; i?2 BKT+i Q7 K`;BMH it `i2b M/
p2`;2 it `i2b QM /Bz2`2Mi BM+QK2 KQ#BHBiv p`B#H2bX h?2 BM+HmbBQM Q7 i?2 p2`;2
it `i2 M/ i?2 mb2 Q7 i?2 M2r BMbi`mK2Mi K2MiBQM2/ BM i?2 T`2pBQmb T`;`T?-
BM+`2b2 i?2 2biBKi2/ +Q2{+B2Mib QM i?2 K`;BMH it `i2X h?2 2z2+i Q7  T2`+2Mi;2
TQBMi `2/m+iBQM BM K`;BMH it `i2b 7Qbi2`b `2HiBp2 BM+QK2 KQ#BHBiv +`Qbb /2+BH2b
UQ7 T`2@it M/ TQbi@it BM+QK2- +QHmKMb R M/ k BM h#H2 9V #v #Qmi RTT UrBi? 
biM/`/ 2``Q`b Q7 yXR3VX aBKBH`Hv- ?Qmb2?QH/b `2 #Qmi eTT KQ`2 HBF2Hv iQ biv BM i?2
bK2 [mBMiBH2 Q7 BM+QK2 r?2M i?2 K`;BMH it `i2b ;Q2b mT #v QM2 T2`+2Mi;2 TQBMi
U+QHmKMb 9@e BM h#H2 9VX
q?BH2 i?2 +Q2{+B2Mi QM K`;BMH it `i2 Bb bB;MB}+Mi i +QM}/2M+2 H2p2Hb #Qp2
NNW +`Qbb HH bT2+B}+iBQMb- i?i Q7 i?2 p2`;2 K`;BMH it `i2 Bb MQiX h?2 `2TQ`i2/
jeqBi? i?2 2t+2TiBQM Q7 bT2+B}+iBQM Q7 +QHmKM j UmbBM; /2+BH2b Q7 TQbi@i`Mb72`b BM+QK2V r?2`2 i?2
2biBKi2/ +Q2{+B2Mi Bb +HQb2 iQ x2`Q #mi bHB;?iHv TQbBiBp2X
jdb M //BiBQMH 2t2`+Bb2 iQ 7m`i?2` bmTTQ`i i?Bb +HBK- QM2 +QmH/ +QMbB/2` 2TBbQ/2b Q7 it `27Q`Kb
i?i /B/ MQi z2+i K`;BMH it `i2b #mi `2/m+2/ it HB#BHBiB2bX h?2b2 2TBbQ/2b `2 ?Qr2p2` p2`v
b+`+2 M/ mbmHHv Km+? bKHH2` BM bBx2- i?2`27Q`2 A /Q MQi Tm`bm2 i?Bb p2Mm2X
+Q2{+B2Mib `2 ?B;? M/ M2;iBp2-je #mi MQM2 Q7 i?2K `2 bB;MB}+Mi i mbmH bB;MB}+M+2
H2p2HbX h?2`27Q`2- r?2M #Qi? K`;BMH M/ p2`;2 it `i2b `2 ++QmMi2/ 7Q`- QMHv
i?2 7Q`K2` ?b  bB;MB}+Mi UM/ M2;iBp2V 2z2+i QM i?2 `2HiBp2 KQ#BHBivX
h?Bb 2pB/2M+2 bm;;2bib i?i i?2 2+QMQKB+ K2+?MBbK i?i /2i2`KBM2b i?2 2z2+i Q7
it2b QM BM+QK2 KQ#BHBiv Bb #b2/ QM BM+2MiBp2b Ui?2 bm#biBimiBQM Q7 H2Bbm`2 #v H#Qm`
b b?QrM BM a2+iBQM kV b QTTQb2/ iQ i?2 r2Hi? 2z2+ib Q`B;BMi2/ #v  `2/m+iBQM BM
pBH#H2 BM+QK2X h?Bb pB2r Bb +QMbBbi2Mi rBi? "``Q M/ _2/HB+F UkyRRV M/ J2`i2Mb
UkyRjV- r?Q mb2 iBK2 b2`B2b 2pB/2M+2 iQ MHvb2 i?2 BKT+i Q7 it `27Q`KbX h?Bb }M/BM;
?b BKTQ`iMi BKTHB+iBQMb 7Q` i?2 /2bB;M Q7 }b+H TQHB+v bBM+2 `27Q`Kb i?i T`QpB/2
KQ`2 BM+2MiBp2b iQ rQ`F `2 KQ`2 HBF2Hv iQ 7Qbi2` BM+QK2 KQ#BHBiv b QTTQb2/ iQ i?Qb2
i?i QMHv `2/m+2 it T`2bbm`2 rBi?Qmi z2+iBM; i?2 K`;BMH it `i2Xjd
8 _Q#mbiM2bb
h?Bb b2+iBQM +?2+Fb i?2 `Q#mbiM2bb Q7 T`2pBQmb `2bmHib HQM; b2p2`H /BK2MbBQMbX S`iB+@
mH`Hv- A /2T`i 7`QK i?2 #2M+?K`F 2biBKiBQMb #v +QMbB/2`BM; Hi2`MiBp2 /2}MBiBQMb
Q7 /Bbi`B#miBQM Q7 BM+QK2- //BM; 7m`i?2` +QMi`QHb i?2 `2;`2bbBQMb- BM+Hm/BM; bii2 M/
Tv`QHH it2b- +?2+FBM; i?2 bi#BHBiv Q7 i?2 `2bmHib iQ bKTH2b i?i /Bz2` BM iBK2 ?Q`BxQM
M/ b2H2+iBQM +`Bi2`B- 2KTHQvBM; M/ Hi2`MiBp2 K2bm`2 iQ bb2b KQ#BHBiv M/ +QMbB/@
2`BM; bT2+B}+iBQM rBi? /Bz2`2Mi H;b Q7 i?2 2tTHMiQ`v p`B#H2bX h?2 `2bmHib 7`QK
i?Bb b2+iBQM +QMi`B#mi2 iQ bmTTQ`i i?2 2pB/2M+2 Q7 i?2 M2;iBp2 2z2+i Q7 it2b QM BM+QK2
KQ#BHBivX
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Hi2`MiBp2 /2}MBiBQMb Q7 BM+QK2X h?2 `2bmHib BM a2+iBQM 9 `2 #b2/ QM K2bm`2b
Q7 BM+QK2 /2}M2/ b /Dmbi2/ :`Qbb AM+QK2 U:AV #27Q`2 it2b- 7i2` it2b #mi #27Q`2
i`Mb72`b M/ 7i2` it2b M/ i`Mb72`bX h#H2b 8 M/ e `2TQ`i Ao 2biBKi2b Q7 1[m@
iBQM j mbBM; Hi2`MiBp2 /2}MBiBQMb Q7 BM+QK2 iQ /2i2`KBM2 i?2 T`Q##BHBiv Q7 KQpBM;
iQ /Bz2`2Mi `MFbX *QHmKMb R M/ k BM h#H2 8 `2TQ`i i?2 2biBKi2/ 2z2+i Q7 K`;BMH
it `i2b QM KQ#BHBiv +`Qbb /2+BH2b Q7 T`2@it2b M/ TQbi@it2b Q7 DQBMi it#H2 BM+QK2
Q7 ?2/ M/ rB72X h?2 +Q2{+B2Mib `2 bHB;?iHv ?B;?2` i?M i?Qb2 BM h#H2 j- rBi? Ao
2biBKi2b +HQb2 iQ @R UM/ biM/`/ 2``Q`b bHB;?iHv #Qp2 yXkV M/ ?B;?Hv bB;MB}+MiX
*QHmKMb j M/ 9 Q7 h#H2 8 /BbTHv i?2 2z2+ib QM BM+QK2 KQ#BHBiv #b2/ QM H#Qm`
BM+QK2 Q7 i?2 ?2/ M/ rB72X h?2 TQBMi 2biBKiBQM r?2M mbBM; T`2@it BM+QK2 Bb
bHB;?iHv #2HQr @R U@RXye- rBi? biM/`/ 2``Q` Q7 yXk9V r?BH2 Bi Bb bQK2r?i bKHH2` r?2M
+QMbB/2`BM; TQbi@it BM+QK2 U@yXd9- rBi? biM/`/ 2``Q` Q7 yXk9VX "Qi? 2biBKi2b `2
bB;MB}+Mi i +QM}/2M+2 H2p2Hb Q7 NNWXj3
*QHmKM 8 Q7 h#H2 8 `2TQ`i i?2 `2bmHib r?2M QMHv bb2i BM+QK2 Q7 i?2 ?2/ M/
rB72 Bb mb2/ iQ /2i2`KBM2 BM+QK2 KQ#BHBivX h?2 TQBMi 2biBKi2 Bb- b 2tT2+i2/- bKHH2`
U−0.402V #mi bB;MB}+Mi i H2p2Hb Q7 NyWX *QHmKM e +QMbB/2`b  #`Q/2` /2}MBiBQM Q7
BM+QK2 i?i BM+Hm/2b Qi?2` bQm`+2b Q7 BM+QK2 7`QK Qi?2` T2QTH2 HBpBM; BM i?2 7KBHvXjN
h?2 TQBMi 2biBKiBQM Bb HbQ bKHH2` U@yX9dkV #mi bB;MB}+Mi b r2HHX
h#H2 e `2TQ`ib i?2 bK2 bT2+B}+iBQMb mbBM; i?2 Hi2`MiBp2 K2bm`2b Q7 BM+QK2- #mi
/2i2`KBMBM; KQ#BHBiv BM i2`Kb Q7 [mBMiBH2b Q7 BM+QK2X _2bmHib mbBM; i?2 it#H2 BM+QK2
M/ H#Qm` BM+QK2 Q7 ?2/ M/ rB72 U+QHmKMb R@9V `2 ?B;?Hv bB;MB}+Mi i H2p2Hb Q7
NNWX h?2 K;MBim/2 Q7 i?2 2z2+ib r?2M +QMbB/2`BM; it#H2 BM+QK2 Bb #Qmi @yXej M/
yXdk U7Q` TQbi@it M/ T`2@it BM+QK2 `2bT2+iBp2Hv- rBi? biM/`/ 2``Q`b Q7 yXkjV- M/
?B;?2` r?2M +QMbB/2`BM; H#Qm` BM+QK2 U@RXyj 7Q` T`2@it BM+QK2 M/ @yX33 7Q` TQbi@
it BM+QK2- rBi? bK2 biM/`/ 2``Q`bVX h?2 2biBKi2/ +Q2{+B2Mib r?2M +QMbB/2`BM;
bb2i BM+QK2 Q` U/Dmbi2/V 7KBHv BM+QK2 U+QHmKMb 8 M/ e Q7 h#H2 e `2bT2+iBp2HvV `2
M2;iBp2 #mi bKHH M/ MQi bB;MB}+MiX
6m`i?2` +QMi`QHbX h?2 #2M+?K`F 2biBKi2b +QMi`QH 7Q`  MmK#2` Q7 HB72 +v+H2 M/
/2KQ;`T?B+ 7+iQ`bX a2+iBQM k TQBMi2/ Qmi i?i ++mKmHi2/ r2Hi? +QmH/ `2/m+2
KQ#BHBiv bBM+2 ?Qmb2?QH/b rBi? ?B;?2` bb2i BM+QK2 `2 H2bb HBF2Hv iQ KQp2 /QrM i?2
BM+QK2 /Bbi`B#miBQM r?2M H#Qm` BM+QK2 Bb HQr2`X aBM+2 BM7Q`KiBQM QM r2Hi? Bb MQi
K2bm`2/ 7`2[m2MiHv BM i?2 SaA. /m`BM; i?2 T2`BQ/ +QMbB/2`2/-9y A mb2 M2i ?QK2 2[mBiv
Ub2H7@`2TQ`i2/ ?Qmb2 pHm2 KBMmb i?2 `2KBMBM; KQ`i;;2 QM i?2 ?Qmb2V iQ T`Qtv 7Q`
j3AMi2`2biBM;Hv- i?2 2biBKi2/ +Q2{+B2Mi QM i?2 /mKKv p`B#H2 7Q` rQ`FBM; rB72 BM i?2 ?Qmb2?QH/
#2+QK2 H`;2` M/ KQ`2 bB;MB}+Mi i?M BM Qi?2` bT2+B}+iBQMbX
jNh?Bb K2bm`2 Q7 BM+QK2 Bb /BpB/2/ #v i?2 b[m`2 `QQi Q7 i?2 MmK#2` Q7 T2QTH2 HBpBM; BM i?2 7KBHv
iQ /Dmbi Bi 7Q` 7KBHv bBx2X a22 C MiiB M/ C2MFBMb UkyR8VX
9ySaA. /i QMHv BM+Hm/2b bMTb?Qib Q7 r2Hi? 7Q` v2` RN39- RN3N M/ RNN9- M/ bBM+2 RNNN QMr`/bX
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M2i rQ`i?X9R *QHmKMb R@j BM h#H2 d `2TQ`i i?2 Ao 2biBKi2b Q7 i?2 K`;BMH it `i2
QM BM+QK2 KQ#BHBiv r?2M BM+Hm/BM; r2Hi? b  +QMi`QHX h?2 +Q2{+B2Mi Q7 i?Bb p`B#H2
UK2bm`2/ BM i?QmbM/b Q7 RNNe /QHH`bV Bb M2;iBp2 b 2tT2+i2/, M BM+`2b2 Q7 Ryy-yyy
BM ?Qmb2 2[mBiv BM+`2b2b i?2 T`Q##BHBiv Q7 bivBM; BM i?2 bK2 BM+QK2 /2+BH2 #v #Qmi 8
T2`+2Mi;2 TQBMibX h?2 2biBKi2/ +Q2{+B2Mi Q7 i?2 K`;BMH it `i2 Bb +HQb2 iQ @yX3 7Q`
9RAM7Q`KiBQM QM ?Qmb2?QH/ 2[mBiv Bb BM+Hm/2/ v2`Hv BM i?2 SaA.- rBi? i?2 2t+2TiBQM Q7 v2`b RNdj
M/ RNd9X 6B`HB2 M/ E`b?BMbFv UkyRkV `2TQ`ib i?i M2i ?QK2 2[mBiv `2T`2b2Mib eyW Q7 i?2 p2`;2
?QK2QrM2` r2Hi? Ue9W 7Q` i?2 K2/BM ?QK2QrM2`VX
9kh?Bb bT2+B}+iBQM ?B;?HB;?ib  +QKKQM T`Q#H2K rBi? HBM2` T`Q##BHBiv KQ/2Hb, i?2 bmK Q7 i?2
2biBKi2/ +Q2{+B2Mib +M #2 BM 2t+2bb Q7 Ryy- r?B+? Bb MQi +QM+2TimHHv TQbbB#H2X
HH i?`22 bT2+B}+iBQMb +QMbB/2`2/ Ur?B+? p`v BM ?Qr BM+QK2 Bb K2bm`2/V M/ `2KBMb
?B;?Hv bB;MB}+Mi Ui H2p2Hb Q7 NNWVX
L2ti- A +QMbB/2` /mKKv p`B#H2b Q7 i?2 TQbBiBQM BM i?2 BM+QK2 /Bbi`B#miBQM BM v2`
t−1 b +QMi`QHbX h?Bb BKb iQ iF2 BMiQ ++QmMi irQ TQi2MiBH Bbbm2bX 6B`bi- i?2 T`2pBQmb
TQbBiBQM BM i?2 BM+QK2 /Bbi`B#miBQM +M #2 BM7Q`KiBp2 Q7 i?2 HBF2HB?QQ/ Q7 KQpBM; iQ
Qi?2` BM+QK2 `MFX M/ b2+QM/- `2Hi2/ iQ i?2 T`2pBQmb TQBMi- T2QTH2 TQbBiBQM2/ BM i?2
}`bi Q` Hbi BM+QK2 `MF U2X;X i?2 Rbi M/ Ryi? /2+BH2V `2- #v /2}MBiBQM- H2bb HBF2Hv
iQ KQp2 UbBM+2 i?2B` KQp2K2Mib `2 `2bi`B+i2/ iQ QM2 /B`2+iBQMVX *QHmKMb 9@e Q7 BM
h#H2 d b?Qrb i?2 `2bmHib Q7 BM+Hm/BM; i?2b2 M2r +QMi`QHbX h?2 M2r p`B#H2b ?p2
H`;2 M/ TQbBiBp2 2biBKi2/ +Q2{+B2Mib-9k r?B+? b22K iQ bm;;2bi i?i ?Qmb2?QH/b rBi?
BM+QK2 #2HQM;BM; iQ i?2 +2Mi`H T`i Q7 i?2 /Bbi`B#miBQM U/2+BH2b 9@dV `2 KQ`2 HBF2Hv iQ
2tT2`B2M+2 KQp2K2Mib HQM; i?2 BM+QK2 `MFbX _2;`/BM; i?2 2biBKi2/ +Q2{+B2Mib QM
i?2 K`;BMH it `i2b- +QMi`QHHBM; 7Q` i?2 T`2pBQmb TQbBiBQM BM i?2 BM+QK2 /Bbi`B#miBQM
`2/m+2b i?2 BKT+i Q7 K`;BMH it `i2b bHB;?iHv U#v #Qmi yXR T2`+2Mi;2 TQBMibV- #mi
i?2 +Q2{+B2Mib `2KBM bB;MB}+Mi i +QM}/2M+2 H2p2Hb Q7 NNWX
b /Bb+mbb2/ BM a2+iBQM 9-  bvbi2KiB+ `2HiBQM #2ir22M i?2 BMbi`mK2Mi Δτ t−1i,t M/
T`2pBQmb BM+QK2 H2p2Hb +M H2/ iQ #Bb2/ 2biBKiBQMb B7 i?2 2``Q` i2`K εi,t BM 1[miBQM j
HbQ /2T2M/b QM T`2pBQmb BM+QK2X hQ //`2bb i?Bb Bbbm2- +QHmKMb R@j BM h#H2 3 `2TQ`i
i?2 2z2+i Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 BM+QK2 KQ#BHBiv r?2M +QMi`QHHBM;
7Q` T`2pBQmb BM+QK2 UK2bm`2/ #v :AVX h?2 BM+HmbBQM Q7 i?2 p`B#H2 bmTTQ`ib i?2
pHB/Biv Q7 i?2 BMbi`mK2Mi r?BH2 HbQ +QMi`QHb 7Q` MQM@H#Qm` BM+QK2 U2X;X bb2i BM+QK2VX
h?2 2biBKi2/ +Q2{+B2Mib `2 MQi MQiB+2#Hv +?M;2/ rBi? `2bT2+i iQ i?2 KBM `2bmHib
Ub22 h#H2 jV, i?2v `2KBM BM i?2 `2;BQM Q7 @yX3 UbiM/`/ 2``Q`b Q7 yXkkV M/ `2
biiBbiB+HHv bB;MB}+Mi i H2p2Hb Q7 +QM}/2M+2 Q7 NNWX
GbiHv- +QHmKMb 9@e BM h#H2 3 BM+Hm/2 #bQHmi2 +?M;2b BM BM+QK2 U:AV b M
//BiBQMH +QMi`QHX "v /2}MBiBQM Q7 i?2 KQ#BHBiv p`B#H2b Ur?B+? +Tim`2 i?2 T`Q##BHBiv
i?i BM+QK2 BM T2`BQ/ t #2HQM;b iQ  /Bz2`2Mi BM+QK2 `MF i?M i?i Q7 T2`BQ/ t−1V- i?Bb
p`B#H2 2tTHBM KQbi Q7 i?2 HBF2HB?QQ/ Q7 `2HiBp2 BM+QK2 KQp2K2MibX h?2 BM+HmbBQM Q7
i?Bb p`B#H2 bi`2M;i?2Mb i?2 2z2+i Q7 K`;BMH it `i2 QM BM+QK2 KQ#BHBiv #v #Qmi yXk
BANCO DE ESPAÑA 27 DOCUMENTO DE TRABAJO N.º 1725
T2`+2Mi;2 TQBMib, i?2 2biBKi2/ +Q2{+B2Mib #2+QK2 +HQb2 iQ @R UrBi? biM/`/ 2``Q`b
Q7 yXkkV- r?BH2 `2KBMBM; bB;MB}+MiX
aii2 M/ Sv`QHH it `i2bX aQ 7`- QMHv 72/2`H BM+QK2 it HB#BHBiB2b ?p2 #22M
+QMbB/2`2/ BM i?2 MHvbBbX >Qr2p2`- i?2 iQiH 2z2+iBp2 it T`2bbm`2 BM i?2 la HbQ
BM+Hm/2b Tv`QHH it HB#BHBiB2b U6A*V M/ bii2@H2p2H it HB#BHBiB2bX Sv`QHH it2b `2
+?`;2/ i i?2 72/2`H H2p2H iQ #Qi? 2KTHQv22b M/ 2KTHQv2`b BM Q`/2` iQ 7mM/ bQ+BH
#2M2}ib T`Q;`Kb UaQ+BH a2+m`Biv M/ J2/B+`2VX h?2 6A* K`;BMH it `i2 ?b
#22M `2HiBp2Hv HQr mMiBH RNdN rBi? bm#biMiBHHv H2bb p`BiBQM i?M 72/2`H BM+QK2
it2bX9j PM i?2 Qi?2` ?M/- hsaAJ +M QMHv +QKTmi2 K`;BMH it `i2b i i?2 bii2
H2p2H 7`QK RNddX
hQ +?2+F i?2 `Q#mbiM2bb Q7 i?2 `2bmHib iQ i?2 BM+HmbBQM Q7 Tv`QHH M/ bii2 it HB@
#BHBiB2b- A +QKTmi2 i?2 K`;BMH M/ p2`;2 it `i2 QM iQiH it HB#BHBiB2b U72/2`H
BM+QK2- 6A* M/ bi2V 7`QK RNd3 iQ RNNe mbBM; hsaAJX99 h?2 MmK#2` Q7 pBH#H2
Q#b2`piBQMb BM i?2 SaA. bKTH2 Bb `2/m+2/ #v #Qmi  i?B`/- /QrM iQ #Qmi j8-9yyX
h#H2 N b?Qrb i?2 2biBKi2/ +Q2{+B2Mib Q7 i?2 K`;BMH it `i2 QM i?2 T`Q##BHBiv Q7
+?M;BM; /2+BH2b U+QHmKMb R@jV M/ [mBMiBH2b U+QHmKMb 9@eV Q7 BM+QK2X h?2 2biBKi2/
+Q2{+B2Mib `2 HQr2` #v #Qmi yXk8 T2`+2Mi;2 TQBMib r?2M +QKT`2/ iQ i?Qb2 BM h@
#H2 j- #mi biBHH bB;MB}+Mi +`Qbb HH bT2+B}+iBQMb +QMbB/2`2/ i +QM}/2M+2 H2p2Hb Q7 i
H2bi NyWX q?2M +QMbB/2`BM; T`2it BM+QK2- ?Qmb2?QH/ `2 yX8e8TT UbiM/`/ 2``Q` Q7
yXkyV H2bb HBF2Hv iQ KQp2 iQ  /Bz2`2Mi BM+QK2 /2+BH2 r?2M i?2 K`;BMH it `i2 ;Q2b mT
#v QM2 T2`+2Mi;2 TQBMiX aT2+B}+iBQMb +QMbB/2`BM; i`MbBiBQM +`Qbb BM+QK2 [mMiBH2b
`2TQ`i 2biBKi2/ +Q2{+B2Mib `M;BM; 7`QK @yXj3 iQ @yXjj UrBi? biM/`/ 2``Q`b Q7 yXRN
M/ yXkyVX
aKTH2 bi#BHBivX h?2 ht _27Q`K +i Q7 RN3e ?/  bm#biMiBH BKT+i QM i?2
la it +Q/2 BM KMv /Bz2`2Mi /BK2MbBQMb U2X;X bB;MB}+Mi +mib BM biimiQ`v it `i2b-
2HBKBMiBQM Q7 b2p2`H T`QpBbBQMbVX hQ ++QmMi 7Q` TQi2MiBH bKTH2 BMbi#BHBiv BM i?2
2biBKiBQMb /m2 iQ i?Bb KDQ` `27Q`K- h#H2 Ry `2TQ`ib i?2 +Q2{+B2Mib Q7 K`;BMH it
`i2b M/ p2`;2 it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi /2+BH2 Q7 BM+QK2
+QMbB/2`BM;  bKTH2 #27Q`2 RN3e U+QHmKMb R@jV M/ 7`QK RN3e QMr`/b U+QHmKMb 9@
eVX h?2 /Bz2`2M+2b BM i?2 +Q2{+B2Mib #27Q`2 M/ 7i2` `2 MQi biiBbiB+HHv /Bz2`2Mi
7`QK 2+? Qi?2` UT`Q##Hv #2+mb2 Q7 i?2 ?B;?2` biM/`/ 2``Q`b `2bmHiBM; 7`QK HQr2`
bKTH2 bBx2VX 6Q` 2tKTH2- i?2 2biBKi2/ +Q2{+B2Mi Q7 i?2 K`;BMH it `i2 Bb @yX3j8
UbiM/`/ 2``Q` Q7 yX9RV +QMbB/2`BM; T`2@it BM+QK2 #27Q`2 RN3e- M/ @RXyR3 UbiM/`/
9j6A* K`;BMH it `i2 ?b p2`;2/ yXyjW #2ir22M RNed M/ RNd3X Aib biM/`/ /2pBiBQM
#2ir22M RNed@RNNe Bb ?H7 Q7 i?2 72/2`H BM+QK2 it `i2b- M/ #Qmi  i?B`/ Q7 Bi /m`BM; RNed@RNNdX
a22 "``Q M/ _2/HB+F UkyRRVX
996B;m`2 9 THQib i?2 p`BiBQM +`Qbb BM/BpB/mHb BM iQiH K`;BMH it `i2b /m`BM; i?Bb T2`BQ/X
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RN3eX q?BH2 i?2 +Q2{+B2Mib `2 Hrvb M2;iBp2- i?2v `2 MQi bB;MB}+Mi 7i2` RN3e
UBM HBM2 rBi? i?2 `2bmHib 7`QK h#H2 9V M/ bB;MB}+Mi +`Qbb bQK2 bT2+B}+iBQMb UmbBM;
T`2@it M/ TQbi@it BM+QK2V #27Q`2 RN3eXh?Bb +QmH/ bm;;2bi i?i i?2 2z2+i Q7 p2`;2
it `i2b /BKBMBb?2b r?2M it2b M/- KQbi MQiB+2#Hv- i`Mb72`b `2 BMi`Q/m+2/ U#27Q`2
RN3eVX >Qr2p2`-  +QmMi2`7+imH MHvbBb Q7 it `27Q`Kb rQmH/ #2 `2[mB`2/ iQ //
bmTTQ`i iQ i?Bb BMi2`T`2iiBQMX
aKTH2 b2H2+iBQMX h?2 SaA. bKTH2 b2H2+i2/ 7Q` i?Bb TT2` `2bTQM/b iQ i?2 ;QH
Q7 i`;2iBM; ?Qmb2?QH/b i?i `2 +iBp2Hv BMpQHp2/ BM i?2 H#Qm` K`F2iX A MQr +?2+F
r?2i?2` i?2 `2bmHib T`2b2Mi2/ BM a2+iBQM 9 `2 `Q#mbi iQ /Bz2`2Mi bKTH2 bT2+B}+iBQMbX
b /2b+`B#2/ BM a2+iBQM j- SaA. BM+Hm/2b irQ bm#bKTH2b,  la@`2T`2b2MiiBp2 bK@
TH2 U+Q`2 Q` a_* bKTH2V M/  bm#@bKTH2 i?i Qp2`@`2T`2b2Mib HQr@BM+QK2 Ui?2 am`p2v
Q7 1+QMQKB+ PTTQ`imMBiv- a1P-  T`QD2+i 7`QK r?B+? SaA. rb Q`B;BMi2/VX hQ BMbm`2
`2T`2b2Mi#BHBiv- i?2 SaA. T`QpB/2b r2B;?ib iQ ++QmMi 7Q` /Bz2`2Mi bKTHBM; T`Q##BH@
BiB2b M/ ii`BiBQMX *QHmKMb R M/ k Q7 h#H2 RR T`2b2Mib `2bmHib r?2M QMHv i?2 +Q`2
bKTH2 UM/ MQ r2B;?ibV `2 mb2/X h?Bb `2T`2b2Mib  `2/m+iBQM Q7 HKQbi 9yW BM i?2
bKTH2 bBx2X >Qr2p2`- i?2 2biBKi2/ 2z2+i Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv
Q7 +?M;BM; BM+QK2 /2+BH2b Bb biBHH M2;iBp2 M/ ?B;?Hv bB;MB}+Mi i NNW, TQBMi 2biB@
Ki2b Q7 @yXN8 M/ @yXdk UbiM/`/ 2``Q`b Q7 yXk8V r?2M +QMbB/2`BM; T`2@it M/ TQbi@it
BM+QK2 `2bT2+iBp2HvX
*QHmKMb j M/ 9 Q7 h#H2 RR /BbTHv i?2 2biBKiBQMb #b2/ QM  bKTH2 i?i /@
/BiBQMHHv BM+Hm/2b ?Qmb2?QH/b rBi?  ?2/ vQmM;2` i?M k8 Q` QH/2` i?M ey v2`bX98
h?2 2biBKi2/ +Q2{+B2Mib Q7 i?2 K`;BMH it `i2b `2 bKHH2` U#mi biBHH bB;MB}+Mi
i +QM}/2M+2 H2p2Hb Q7 NyWV- bm;;2biBM; i?i i?2 BM+QK2 KQ#BHBiv Q7 p2`v vQmM; Q` QH/
?Qmb2?QH/b Bb MQi b Km+? /2i2`KBM2/ #v +?M;2b BM itiBQM +QKT`2/ iQ ?Qmb2?QH/b
rBi?  ?2/ ;2/ k8@eyX
L2ti- A +QMbB/2` r?2i?2` i?2 #2M+?K`F bKTH2 +`Bi2`B Kv BM/m+2  #Bb /m2 iQ
?Qmb2?QH/b #2BM; b2H7 b2H2+i2/ BMiQ ;`QmTbX h?2b2 rQmH/ #2 i?2 +b2 B7 ?B;?2` it2b
z2+i i?2 /2+BbBQM Q7 rQ`F i i?2 2ti2MbBp2 K`;BM U ?2/ Q7 ?Qmb2?QH/ /2+B/2b iQ
#2+QK2 mM2KTHQv2/ r?2M it2b ;Q mTV Q` iQ #2+QK2 b2H7@2KTHQv2/X9e hQ //`2bb i?Bb-
+QHmKMb j M/ 9 Q7 h#H2 RR `2TQ`i i?2 2biBKi2b r?2M i?2 bKTH2 Bb 2ti2M/2/ iQ BM+Hm/2
?Qmb2?QH/b rBi?  b2H7@2KTHQv2/ biimbX h?2 TQBMi 2biBKi2b Q7 i?2 2z2+i Q7 K`;BMH
it `i2b `2KBM bBKBH` UM/ ?B;?Hv bB;MB}+MiV iQ i?2 #2M+?K`F 2biBKiBQMb, @yX33
98h?2b2 i?`2b?QH/b `2 Q7i2M +QMbB/2`2/ iQ /2i2`KBM2 i?2 T`BK2 ;2 7Q` H#Qm` K`F2i 2M;;2K2MiX
a22 7Q` 2tKTH2 E2M2 UkyRRVX
9eh?2 TQi2MiBH 2z2+i Q7 it2b QM i?2 T`Q##BHBiv Q7 #2+QKBM; M 2Mi`2T`2M2m` Bb 7m`i?2` /Bb+mbb2/
BM a2+iBQM dX
2``Q` Q7 yXkeV 7i2` RN3eX HH i?2 2biBKi2/ +Q2{+B2Mib `2 biiBbiB+HHv bB;MB}+MiHv
/Bz2`2Mi 7`QK y i +QM}/2M+2 H2p2Hb Q7 NNWX
h?2 2biBKi2/ +Q2{+B2Mib /Q ?Qr2p2` b?Qr /Bz2`2M+2b #2ir22M #27Q`2 M/ 7i2`
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UbiM/`/ 2``Q` Q7 yXkyV M/ @yX39 UbiM/`/ 2``Q` Q7 yXkRV r?2M +QMbB/2`BM; T`2@it
M/ TQbi@it BM+QK2- `2bT2+iBp2HvX
Hi2`MiBp2Hv- +QHmKMb 8 M/ e /BbTHv i?2 2biBKi2b r?2M i?2 bKTH2 HbQ BM+Hm/2b
?Qmb2?QH/b r?Qb2 ?2/ Bb mM2KTHQv2/X9d J`;BMH it `i2b `2 2biBKi2/ iQ `2/m+2
BM+QK2 KQ#BHBiv #v yXdk M/ yXd9 T2`+2Mi;2 TQBMib U7Q` T`2@it M/ TQbi@it BM+QK2-
`2bT2+iBp2Hvc biM/`/ 2``Q`b Q7 yXkkVX h?2b2 +Q2{+B2Mib `2 biiBbiB+HHv bB;MB}+Mi i
+QM}/2M+2 H2p2Hb Q7 NNWX
GbiHv- A 2ti2M/ i?2 bKTH2 iQ BM+Hm/2 7KBHB2b r?Qb2 ?2/ Bb  72KH2X93 *QHmKMb
N M/ RR b?Qr i?2 2biBKi2b r?2M +QMbB/2`BM; i?Bb 2MH`;2/ bKTH2 Ui?2b2 BM+Hm/2 
/mKKv p`B#H2 7Q` KH2 ?2/bVX h?2 2biBKi2/ +Q2{+B2Mib `2 [mMiBiiBp2Hv bBKBH`
iQ i?2 #2M+?K`F `2bmHib- M/ K`;BMH it2b `2 7QmM/ iQ BM+`2b2 i?2 T`Q##BHBiv
Q7 ?Qmb2?QH/b `2KBMBM; BM i?2 bK2 T`2@it BM+QK2 /2+BH2 #v #Qmi yXeTT UyX3TT 7Q`
TQbi@it BM+QK2- biM/`/ 2``Q`b Q7 yXkj M/ yXk9- `2bT2+iBp2HvVX
Hi2`MiBp2 /2T2M/2Mi p`B#H2X h?2 /2T2M/2Mi p`B#H2 mobilityi,t mb2/ BM i?2
KBM `2bmHib 2tTHQBib i?2 BM7Q`KiBQM BM i?2 /B;QMH Q7 i?2 T`Q##BHBiv Ki`Bt Pt BM
1[miBQM k, Bi +QKTmi2b i?2 T`Q##BHBiv i?i  ?Qmb2?QH/ rBi? BM+QK2 #2HQM;BM; iQ
`MF k BM T2`BQ/ t − 1 `2KBMb BM i?2 bK2 TQbBiBQM BM iBK2 tX M Hi2`MiBp2 rv iQ
K2bm`2 KQ#BHBiv Bb iQ +H+mHi2 i?2 MmK#2` Q7 BM+QK2 `MFb i?i  ?Qmb2?QH/ +`Qbb2b
r?2M KQpBM; BM i?2 BM+QK2 /Bbi`B#miBQMX 6Q` 2tKTH2- i?Bb M2r p`B#H2- jumpi,t- iF2b
pHm2 Q7 j B7  ?Qmb2?QH/ KQp2b BM i?2 BM+QK2 /Bbi`B#miBQM 7`QK BM+QK2 /2+BH2 k BM iBK2
t− 1 iQ BM+QK2 `MF k + 3 Q` k − 3 BM T2`BQ/ tX >2M+2- i?Bb HHQrb iQ MHvb2 KQ#BHBiv
#v 2z2+iBp2Hv mbBM; BM7Q`KiBQM BM i?2 `2bi Q7 i?2 +2HHb BM Ki`Bt Pt T`i 7`QK i?Qb2 BM
Bib /B;QMHX9N
h#H2 Rk `2T`Q/m+2b i?2 KBM `2bmHib Q7 h#H2 j #mi brBi+?BM; i?2 /2T2M/2Mi p`B#H2
mobilityi,t #v i?2 M2rHv +`2i2/ K2bm`2 Q7 KQ#BHBiv jumpi,tX8y  +mi BM i?2 K`;BMH
it `i2 Q7 R T2`+2Mi;2 TQBMi BM+`2b2b i?2 p2`;2 MmK#2` Q7 BM+QK2 /2+BH2b i?i 
?Qmb2?QH/ rQmH/ +`Qbb r?BH2 KQpBM; BM i?2 T`2@it BM+QK2 /Bbi`B#miBQM #v yXyRj UbiM@
/`/ 2``Q` Q7 yXyyR- +QHmKM R Q7 h#H2 RkVX h?2 2biBKi2/ +Q2{+B2Mi r?2M +QMbB/2`BM;
 TQbi@it BM+QK2 /Bbi`B#miBQM Bb p2`v bBKBH` UTQBMi 2biBKi2 Q7 @yXyRk- biM/`/ 2`@
9d /mKKv 7Q` ?2/b r?Q `2 2KTHQv2/ Bb //2/ iQ i?2b2 bT2+B}+iBQMbX
93SaA. mbmHHv bbB;Mb i?2 `QH2 Q7 i?2 ?2/ Q7 i?2 ?Qmb2?QH/ iQ  KH2 r?2M ?2 Bb T`2b2MiX "mi BM
bQK2- Q++bBQMb i?Bb `QH2 +Q``2bTQM/b iQ i?2 rB72 U2X;X r?2M i?2 72KH2 T`272`b iQ #2 /2bB;Mi2/ b i?2
?2/VX
9Nh?2 p2`;2 Q7 p`B#H2 jumpi,t BM i?2 bKTH2 Bb yX3NX h?2 p2`;2 MmK#2` Q7 BM+QK2 `MFb +`Qbb2/
#v i?Qb2 r?Q KQp2 BM i?2 BM+QK2 /Bbi`B#miBQM Bb RXeRX
8y1biBKiBQMb BM h#H2 Rk HbQ BM+Hm/2 i?2 p2`;2 it `i2 b M 2tTHMiQ`v p`B#H2X h?2 2biBKi2/
+Q2{+B2Mib QM i?2 K`;BMH it `i2b `2KBM [mMiBiiBp2Hv i?2 bK2 r?2M p2`;2 it `i2 Bb MQi
BM+Hm/2/- #mi `2 2biBKi2/ rBi? ?B;?2` biM/`/ 2``Q`b- `2/m+BM; i?2B` biiBbiB+H bB;MB}+M+2X
`Q` Q7 yXyR- +QHmKM kV M/ bHB;?iHv bKHH2` UTQBMi 2biBKi2 Q7 @yXyy3- +QHmKM jV r?2M
+QMbB/2`BM;  TQbi@i`Mb72`b BM+QK2 /Bbi`B#miBQMX
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_2bmHib `2- b 2tT2+i2/- `2/m+2/ #v ?H7 r?2M i?2 MmK#2` Q7 `MFb `2 HQr2`2/ 7`QK
Ry U/2+BH2bV iQ 8 U[mBMiBH2bVX *QHmKMb 9@e Q7 h#H2 Rk `2TQ`i i?2b2 `2bmHib- rBi? TQBMi
2biBKi2b #2ir22M @yXyy8 M/ @yXyye /2T2M/BM; QM i?2 K2bm`2 Q7 BM+QK2 +QMbB/2`2/X
HH i?2 +Q2{+B2Mib Q7 i?2 K`;BMH it `i2b QM h#H2 Rk `2 bB;MB}+Mi i +QM}/2M+2
H2p2Hb Q7 N8WX
.vMKB+ bT2+B}+iBQMbX 6QHHQrBM; i?2 KQ/2H /2b+`B#2/ BM a2+iBQM k- i?2 2z2+i Q7
itiBQM QM i?2 T`Q##BHBiv Q7 BM+QK2 KQ#BHBiv Bb /2i2`KBM2/ BM i?2 H#Qm` K`F2i-
r?B+? Bb i?2 `2bmHi Q7  biiB+ QTiBKBbiBQM T`Q#H2KX h?2`2 `2 ?Qr2p2` `2bQMb 7Q`
#2HB2pBM; i?2 B/2 i?i i?Bb 2z2+i +QmH/ ?p2 bQK2 /vMKB+ bi`m+im`2X 6Q` 2tKTH2-
/2+BbBQMb QM +?M;2b BM bb2i BM+QK2 b  `2bmHi Q7 p`BiBQM BM it2b Kv iF2 KQ`2
i?M  T2`BQ/ iQ iF2 2z2+i UbBM+2 r2Hi? ++mKmHiBQM Bb i?2 `2bmHi Q7 M BMi2`@i2KTQ`H
T`Q#H2KVX
hQ ++QmMi 7Q` i?2b2 2z2+ib- A 2biBKi2 p2`bBQMb Q7 1[miBQM j i?i /Bz2` BM i?2 /v@
MKB+ 2z2+i Q7 i?2 K`;BMH it `i2 τi,t QM i?2 T`Q##BHBiv Q7 BM+QK2 KQ#BHBivX h#H2 Rj
U+QHmKMb R M/ kV `2TQ`ib i?2 2biBKi2/ +Q2{+B2Mib Q7 i?2 K`;BMH it `i2 r?2M Bib
2z2+i Bb bbmK2/ iQ #2 H;;2/ QM2 T2`BQ/X h?2 TQBMi 2biBKi2b U@yX8d M/ @yX9R 7Q` T`2@
it M/ TQbi@it BM+QK2 bT2+B}+iBQMbc biM/`/ 2``Q`b Q7 yXk9V `2 bKHH2` Hi?Qm;?
biBHH bB;MB}+MiHv /Bz2`2Mi 7`QK x2`Q Ui H2p2Hb Q7 +QM}/2M+2 Q7 Ny M/ N8WVX q?2M i?2
it `i2 Bb H;;2/ irQ T2`BQ/b U+QHmKMb j M/ 9V- i?2 2z2+i Bb TQbBiBp2 #mi BMbB;MB}+Mi
r?2M +QMbB/2`BM; T`2@it BM+QK2- M/ TQbBiBp2 M/ QMHv K`;BMHHv bB;MB}+Mi r?2M
+QMbB/2`BM; TQbi@it BM+QK2X8R 6m`i?2` H;b Q7 i?2 it `i2 `2bmHib QM M2;iBp2 #mi
BMbB;MB}+Mi +Q2{+B2Mib, +QHmKMb 8 M/ e `2TQ`i i?2 2biBKi2b 7Q` τt−3X G;b #2vQM/
j `2KBM M2;iBp2 #mi `2 mbmHHv BMbB;MB}+Mi UMQi `2TQ`i2/VX h?2b2 `2bmHib bm;;2bi
i?i i?2 2z2+i Q7 it2b QM BM+QK2 KQ#BHBiv Bb KQbi MQiB+2#H2 QM BKT+i M/ /m`BM; i?2
7QHHQrBM; v2`X A /Q MQi }M/ bB;MB}+Mi 2pB/2M+2 QM i?2 2z2+i Q7 it `27Q`Kb QM BM+QK2
KQ#BHBiv #2vQM/ i?i iBK2X
h#H2 Rj `2THB+i2b i?2 `Q#mbiM2bb +?2+F /2b+`B#2/ BM i?2 T`2pBQmb T`;`T? #mi
+QMbB/2`BM; KQ#BHBiv +`Qbb BM+QK2 [mBMiBH2bX b rBi? i?2 +b2 Q7 /2+BH2b- i?2 2biBKi2/
+Q2{+B2Mib QM i?2 H;;2/ K`;BMH it `i2 `2 M2;iBp2 M/ bB;MB}+Mi U#Qp2 N8WV-
#mi bHB;?iHv ?B;?2`, @yXdN M/ @yX8j UrBi? biM/`/ 2``Q`b Q7 yXkj M/ yXk9V 7Q` i?2 bT2+@
B}+iBQMb Q7 T`2@it M/ TQbi@it BM+QK2X G;;BM; i?2 K`;BMH `i2 7m`i?2`- `2bmHib BM
8Rh?Bb Bb i?2 QMHv bT2+B}+iBQM r?2`2 i?2 2z2+i Q7 τi,t−2 Bb #Qi? TQbBiBp2 M/ bB;MB}+MiX aT2+B}+iBQMb
r?2M +QMbB/2`BM; BM+QK2 [mBMiBH2b Ub22 h#H2R9V- TQbi@i`Mb72` BM+QK2 UMQi `2TQ`i2/V Q` 7m`i?2` +QMi`QHb
UMQi `2TQ`i2/V /Q MQi }M/ i?Bb +Q2{+B2Mi iQ #2 bB;MB}+MiX
2biBKi2/ +Q2{+B2Mib MQi biiBbiB+HHv /Bz2`2Mi 7`QK y UBM i?2 +b2 Q7  irQ@T2`BQ/ H;-
i?2 +Q2{+B2Mib `2 TQbBiBp2 M/ BMbB;MB}+Mi- #mi #2+QK2 M2;iBp2 @M/ biBHH BMbB;MB}@
+Mi- 7Q` HQM; ?Q`BxQMbVX
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e //BiBQMH 1pB/2M+2 QM htiBQM M/ JQ#BHBiv
eXR h?2 ?2i2`Q;2MQmb 2z2+ib Q7 it2b
h?Bb bm#b2+iBQM MHvb2b ?Qr /Bz2`2Mi `2 i?2 2z2+ib Q7 +?M;2b BM K`;BMH itiBQM
QM BM+QK2 KQ#BHBiv +`Qbb /Bz2`2Mi H2p2Hb Q7 2/m+iBQMX h?2 /2;`22 Q7 2/m+iBQM +M
#2  T`Qtv 7Q` H#Qm` K`F2i bFBHHbX Ai Bb i?2`27Q`2 BMi2`2biBM; iQ MHvb2 i?2 BM+QK2
KQ#BHBiv /vMKB+b 7Q` irQ bm#@bKTH2b, ?Qmb2?QH/b H2/ #v  ?2/ i?i ?b +QKTH2i2/
+QHH2;2 2/m+iBQM M/ ?Qmb2?QH/b r?Qb2 ?2/ ?b  H2p2H Q7 2/m+iBQM #2HQr +QHH2;2
;`/mi2X
A MQr `2@2biBKi2 1[miBQM j rBi? /Bz2`2Mi /2T2M/2Mi p`B#H2bX 6B`bi- A +`2i2 
#BM`v p`B#H2 iQ /2b+`B#2 mTr`/ KQp2K2Mib BM i?2 BM+QK2 /Bbi`B#miBQM- upi,t- iFBM;
pHm2 R r?2M i?2 BM+QK2 Q7  ?Qmb2?QH/b KQp2 mT iQ  ?B;?2` BM+QK2 `MFX aBKBH`Hv-
A +`2i2  p`B#H2 i?i +QMbB/2`b /QrMr`/ KQp2K2Mib BM i?2 BM+QK2 /Bbi`B#miBQM-
downi,t UrBi? pHm2 Q7 R r?2M BM+QK2 `MF KQp2b iQ  HQr2` TQbBiBQMVX 6Q` +QKT`BbQM
A HbQ /2}M2  p`B#H2 /2i2`KBMBM; BKKQ#BHBiv b stayi,t = 1−mobilityi,tX
h#H2 R8 b?Qrb i?2 2biBKi2/ +Q2{+B2Mib Q7 i?2 K`;BMH it `i2b BM i?2 BM+QK2
KQ#BHBiv p`B#H2b /2b+`B#2/ BM i?2 T`2pBQmb T`;`T? 7Q` i?2 bKTH2 Q7 MQM@+QHH2;2
?Qmb2?QH/bX8k Ai Bb rQ`i? MQiBM; i?i- 7Q` i?Bb bKTH2 Q7 MQM@+QHH2;2 ;`/mi2b- i?2
bTQmb2Ƕb T`iB+BTiBQM BM i?2 H#Qm` K`F2i Bb M BKTQ`iMi /2i2`KBMMi Q7 BM+QK2
KQ#BHBiv,  rQ`FBM; bTQmb2 BM+`2b2b i?2 HBF2HB?QQ/ Q7 KQpBM; mT #v #Qmi Rd T2`+2Mi;2
TQBMib U+QHmKMb R M/ k- biM/`/ 2``Q` Q7 RXyNV- r?BH2 Bi `2/m+2b i?2 T`Q##BHBiv Q7
KQpBM; /QrM #v #Qmi R3TT U+QHmKMb 8 M/ e- biM/`/ 2``Q` Q7 RX99VX  QM2 T2`+2Mi;2
TQBMi BM+`2b2 BM i?2 K`;BMH it `i2 BM+`2b2b i?2 T`Q##BHBiv Q7 KQpBM; /QrM iQ HQr2`
/2+BH2b Q7 BM+QK2 #v #Qmi R T2`+2Mi;2 TQBMi U+QHmKMb 8 M/ e- biM/`/ 2``Q` Q7 yX9V
M/ BM+`2b2b i?2 HBF2HB?QQ/ Q7 KQpBM; mT BM i?2 BM+QK2 /Bbi`B#miBQM iQ  ?B;?2` 2ti2Mi-
#v `QmM/ RX8TT U+QHmKMb R M/ k- biM/`/ 2``Q`b Q7 yXkdVX *QMbBbi2MiHv rBi? i?2
8kh?2 2biBKi2/ +Q2{+B2Mib 7Q` i?2 KQ#BHBiv p`B#H2b `2 `2Hi2/ #v βmove = βup + βdown- r?2`2
βmove = −βstayX AM i?2 `2;`2bbBQMb b?QrM BM h#H2b R8 M/ Re r2 ?p2 i?i βup+βstay +βdown Bb MQi
mbmHHv yX h?Bb Bb /m2 iQ /Bz2`2M+2b BM i?2 bKTH2b mb2/, bT2+B}+iBQMb 7Q` p`B#H2 upi,t U+QHmKMb R M/
kV 2t+Hm/2 ?Qmb2?QH/b rBi? M BM+QK2 BM iBK2 t − 1 #2HQM;BM; iQ i?2 Ryi? /2+BH2- r?BH2 bT2+B}+iBQMb
7Q` p`B#H2 downi,t U+QHmKMb 8 M/ eV 2t+Hm/2 ?Qmb2?QH/b rBi? M BM+QK2 BM iBK2 t − 1 #2HQM;BM;
iQ i?2 Rbi /2+BH2X h?Bb bKTH2 /DmbiK2Mi Bb /QM2 iQ ++QmMi 7Q` i?2 7+i i?i ?Qmb2?QH/b BM i?2 iQT
U#QiiQKV /2+BH2 +MMQi 2tT2`B2M+2 7m`i?2` mTr`/ U/QrMr`/V KQp2K2Mib BM i?2 BM+QK2 /Bbi`B#miBQMX
`2bmHib Q7 h#H2 j- ?B;?2` it `i2b H2/ iQ  ?B;?2` T`Q##BHBiv Q7 `2KBMBM; BM i?2
bK2 BM+QK2 /2+BH2, TQBMi 2biBKi2b Q7 yXNR8 M/ yXdk3TT UbiM/`/ 2``Q`b Q7 yXkeV 7Q`
bT2+B}+iBQMb Q7 T`2@it BM+QK2 U+QHmKM jV M/ TQbi@it BM+QK2 U+QHmKM 9VX8j
8jh?2 `2bmHib BM i?2 `2;`2bbBQMb BM h#H2b R8 M/ R8 `2 `Q#mbi iQ i?2 BM+HmbBQM Q7 H; BM+QK2 b M/
//BiBQMH +QMi`QH UMQi `2TQ`i2/VX
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h#H2 Re `2TQ`ib i?2 `2bmHib 7Q`  bm#@bKTH2 Q7 ?Qmb2?QH/b H2/ #v  ?2/ rBi?
+QKTH2i2/ +QHH2;2 2/m+iBQMX h?2 2biBKi2/ +Q2{+B2Mi QM i?2 /mKKv Q7 rQ`FBM; bTQmb2
Bb biBHH H`;2 M/ bB;MB}+Mi- #mi bKHH2` +QKT`2/ iQ i?Qb2 BM h#H2 R8X89 J`;BMH it
`i2b `2 7QmM/ iQ `2/m+2 i?2 T`Q##BHBiv Q7 KQpBM; /QrM BM i?2 BM+QK2 /Bbi`B#miBQM
U+QHmKMb 8 M/ eV- rBi? TQBMi 2biBKi2b Q7 @R M/ @RXj UbiM/`/ 2``Q`b Q7 yX9NV 7Q`
i?2 T`2@it M/ TQbi@it bT2+B}+iBQMb- `2bT2+iBp2HvX h?2 2z2+i QM i?2 T`Q##BHBiv Q7
KQpBM; mT BM i?2 BM+QK2 /Bbi`B#miBQM- /2bTBi2 #2BM; TQbBiBp2- Bb MQi bB;MB}+Mi i mbmH
+QM}/2M+2 H2p2HbX 6Q` i?Bb bm#@bKTH2- ?B;?2` it `i2b HbQ `2/m+2 KQ#BHBiv, #v RXRTT
r?2M +QMbB/2`BM;  /Bbi`B#miBQM Q7 TQbi@it BM+QK2- Hi?Qm;? i?2 TQBMi 2biBKi2 Q7 yX8
Bb MQi bB;MB}+Mi 7Q` bT2+B}+iBQMb Q7 T`2@it BM+QK2 UbiM/`/ 2``Q`b Q7 yX8R BM #Qi?
+b2bVX
hQ bmK mT- ?B;?2` K`;BMH it `i2b BM+`2b2 KQ#BHBiv BM #Qi? bKTH2b UH2bb +H2`Hv
BM i?2 +b2 Q7 +QHH2;2 ;`/mi2bVX "mi i?2 2z2+ib QM mTr`/ M/ /QrMr`/ KQ#BHBiv
`2 i?2 QTTQbBi2, MQM@+QHH2;2 `2- QM p2`;2- KQ`2 HBF2Hv iQ KQp2 /QrM BM i?2 BM+QK2
/Bbi`B#miBQM- r?BH2 +QHH2;2 ?Qmb2?QH/b `2 HBF2Hv iQ KQp2 mT UQ`- i H2bi- H2bb HBF2Hv iQ
KQp2 /QrMV b  `2bmHi Q7 M BM+`2b2 BM i?2 K`;BMH it `i2bX h?2b2 `2bmHib- Hi?Qm;?
b?QmH/ #2 iF2M rBi? +miBQM /m2 iQ i?2 BM+`2b2/ mM+2`iBMiv `2bmHiBM; 7`QK bKHH2`
bKTH2b- ?p2 BKTQ`iMi TQHB+v BKTHB+iBQMbX 6Bb+H `27Q`Kb i?i ?QKQ;2M2QmbHv `2/m+2
K`;BMH it `i2b b22K iQ +QMi`B#mi2 iQ BM+QK2 KQ#BHBiv #v KFBM; ?Qmb2?QH/b rBi?
MQM@+QHH2;2 2/m+iBQM KQ`2 HBF2Hv iQ Q++mTv `2HiBp2Hv ?B;?2` TQbBiBQMb rBi?BM i?2 BM+QK2
/Bbi`B#miBQM UM/ pB+2 p2`b 7Q` +QHH2;2@;`/mi2/ ?Qmb2?QH/bVX
eXk .Q it2b BM+`2b2 KQ#BHBiv i i?2 iBHb Q7 i?2 /Bbi`B#miBQM\
h?Bb bm#b2+iBQM MHvb2b ?Qr +?M;2b BM itiBQM z2+i KQ#BHBiv i i?2 iBHb Q7 i?2
BM+QK2 /Bbi`B#miBQMX S`iB+mH`Hv- A 2biBKi2 i?2 2z2+i Q7 +?M;2b BM i?2 K`;BMH it
`i2b QM i?2 T`Q##BHBiv i?i ?Qmb2?QH/b BM i?2 #QiiQK Q` iQT /2+BH2b Q7 BM+QK2 `2KBM
BM i?i TQbBiBQMX
b BM i?2 T`2pBQmb bm#b2+iBQM- A 2biBKi2 1[miBQM j rBi? /Bz2`2Mi /2T2M/2Mi p`B@
#H2X 6Q` ?Qmb2?QH/b BM i?2 #QiiQK /2+BH2 Q7 BM+QK2- A +QMbi`m+i  M2r /2T2M/2Mi
89h?Bb Bb T`Q##Hv i?2 `2bmHi Q7  ?B;?2` T2`+2Mi;2 Q7 2KTHQv2/ rB72b BM i?2 +QHH2;2@;`/mi2/ bKTH2
Ud8W p2`bmb e3WVX
88h?2 ;;`2;i2 T`Q##BHBiv Q7 KQpBM; rv 7`QK i?2 iBHb Q7 i?2 BM+QK2 /Bbi`B#miBQM- BX2X 1− P 1,1t
M/ 1− P 10,10t Q7 KQ#BHBiv Ki`Bt Pt BM 1[miBQM k `2 b?QrM BM 6B;m`2 RX
U#BM`vV p`B#H2- upi,t- i?i iF2b pHm2 Q7 R r?2M i?2 ?Qmb2?QH/ KQp2b mT iQ  /B7@
72`2Mi /2+BH2X aBKBH`Hv- p`B#H2 downi,t iF2b pHm2 Q7 1 r?2M  ?Qmb2?QH/ BM i?2 iQT
/2+BH2 Q7 BM+QK2 KQp2b /QrM BM i?2 /Bbi`B#miBQMX88
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h#H2 Rd `2TQ`ib i?2 2biBKi2b 7Q` ?Qmb2?QH/b BM i?2 #QiiQK /2+BH2 U+QHmKMb R@jV
M/ ?Qmb2?QH/b BM i?2 iQT /2+BH2 U9@8VX h?2 2z2+i Q7 M BM+`2b2 BM i?2 K`;BMH it `i2
QM i?2 T`Q##BHBiv i?i  TQQ` ?Qmb2?QH/b +HBK#b iQ M mTT2` TQbBiBQM Q7 i?2 BM+QK2
/Bbi`B#miBQM Bb M2;iBp2 M/ ?B;?Hv bB;MB}+Mi, TQBMi 2biBKi2b `M;2 #2ir22M @RXdR M/
@RX99 UbiM/`/ 2``Q`b Q7 yXkj@yXkeVX
hQ mM/2`biM/ i?2 K;MBim/2 Q7 i?Bb 2z2+i- +QMbB/2`  /2+`2b2 Q7 i?2 K`;BMH
it `i2 #v d T2`+2Mi;2 TQBMibX h?Bb it +mi +M 2tTHBM `QmM/  [m`i2` Q7 i?2
T`Q##BHBiv Q7 H2pBM; i?2 #QiiQK /2+BH2X8e
h?2 2z2+i Q7 it `i2b QM KQ#BHBiv BM i?2 iQT /2+BH2 Bb H2bb +H2`X h?2 TQBMi 2biB@
Ki2b `2 M2;iBp2- r?i rQmH/ bm;;2bi i?i ?B;?2` it2b BM+`2b2 i?2 T`Q##BHBiv i?i
?Qmb2?QH/b BM i?2 iQT /2+BH2 `2KBM BM i?i TQbBiBQMX >Qr2p2`- i?2 TQBMi 2biBKi2b `2
bbQ+Bi2/ iQ p2`v ?B;? biM/`/ 2``Q`b UBM 2t+2bb Q7 yXNyV M/ i?2`27Q`2 MQi bB;MB}+Mi
i +QMp2MiBQMH H2p2HbX
d *QM+HmbBQM
_BbBM; BM2[mHBiv ?b i`B;;2`2/  /2#i2 QM r?i Bb i?2 `QH2 i?i }b+H TQHB+v b?QmH/ THv
BM //`2bbBM; 2+QMQKB+ /BbT`BiB2bX >Qr2p2`- it2b `2 HBF2Hv iQ ?p2 M BKT+i QM Qi?2`
72im`2b Q7 i?2 BM+QK2 /Bbi`B#miBQM #2vQM/ BM2[mHBivX h?Bb TT2` +QMbB/2`b i?2 2z2+i Q7
}b+H TQHB+v QM BM+QK2 KQ#BHBivX A 2tTHQBi i?2 p`BiBQM BM K`;BMH it `i2b Q`B;BMi2/
#v b2p2`H `27Q`Kb BM i?2 la iQ 2biBKi2 ?Qr HBF2Hv Bb i?i i?2 `2HiBp2 TQbBiBQM Q7 
?Qmb2?QH/ BM i?2 BM+QK2 /Bbi`B#miBQM +?M;2b r?2M it2b p`vX h?2 `2bmHiBM; 2pB/2M+2
bm;;2bi i?i HQr2` K`;BMH it `i2b 7Qbi2` KQ#BHBiv HQM; i?2 BM+QK2 /Bbi`B#miBQMX
S`iB+mH`Hv- M BM+`2b2 Q7 QM2 T2`+2Mi;2 TQBMi BM i?2 K`;BMH it `i2 +mb2b 
/2+HBM2 Q7 `QmM/ yX3 T2`+2Mi;2 TQBMib BM i?2 T`Q##BHBiv i?i  ?Qmb2?QH/Ƕb BM+QK2
+?M;2b iQ  /Bz2`2Mi /2+BH2 Q7 i?2 BM+QK2 /Bbi`B#miBQMX  +?M;2 BM i?2 K`;BMH it
`i2 Q7 dTT ++QmMib 7Q` `QmM/  i2Mi? Q7 i?2 p2`;2 HBF2HB?QQ/ Q7 KQp2K2Mib BM i?2
BM+QK2 /Bbi`B#miBQM UM/ `QmM/  [m`i2` Q7 i?2 p2`;2 T`Q##BHBiv i?i  ?Qmb2?QH/
BM i?2 #QiiQK /2+BH2 KQp2b iQ  ?B;?2` TQbBiBQMVX h?2 K2+?MBbK i?i #`BM;b #Qmi
i?Bb 2z2+i b22Kb iQ #2 #b2/ QM i?2 /BbiQ`iBQMb BM/m+2/ #v it2b BM i?2 H#Qm` K`F2i
8eh?2 p2`;2 HBF2HB?QQ/ Q7 H2pBM; i?2 #QiiQK /2+BH2 Bb 98WX 1 1
/2+BbBQMbX
h?2b2 2KTB`B+H `2bmHib ?p2 BKTQ`iMi BKTHB+iBQMb 7Q` i?2 /2bB;M Q7 }b+H TQHB+vX
ht `27Q`Kb i?i `2/m+2 K`;BMH `i2b `2 KQ`2 HBF2Hv iQ BM+`2b2 2[mHBiv Q7 QTTQ`@
imMBiv Ub K2bm`2/ #v i?2 /2;`22 Q7 BM+QK2 KQ#BHBivVX h?Bb Bb #2+mb2 M ii2MmiBQM
Q7 i?2 /BbiQ`iBQM`v 2z2+ib Q7 it2b BM i?2 H#Qm` K`F2i rQmH/ KF2 ?Qmb2?QH/b KQ`2
HBF2Hv iQ iF2 /pMi;2 Q7 2+QMQKB+ QTTQ`imMBiB2b M/ KQp2 mT BM i?2 BM+QK2 /Bbi`B#m@
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iBQMX h?2`27Q`2- }b+H TQHB+B2b i?i BK iQ `2/m+2 BM2[mHBiv b?QmH/ r2B;?i i?2 i`/2@Qz
BM ?Qmb2?QH/bǶ r2H7`2 BM/m+2/ #v i?2 2z2+i QM BM+QK2 KQ#BHBivX
h?Bb MHvbBb +M #2 2ti2M/2/ BM b2p2`H rvbX 6B`bi- i?Bb TT2` ?B;?HB;?ib i?2
M22/ iQ //`2bb i?2 TQi2MiBHHv /Bz2`2Mi 2z2+ib Q7 itiBQM QM BM+QK2 BM2[mHBiv M/
BM+QK2 KQ#BHBivX  +QKT`2?2MbBp2 MHvbBb Q7 }b+H TQHB+v b?QmH/ DQBMiHv //`2bb i?2b2
Bbbm2bX h?2 BMi2`+iBQM Q7  T`Q;`2bbBp2 it b+?2/mH2 rBi? BM+QK2 BM2[mHBiv M/ KQ#BHBiv
M2+2bbBii2b  bi`m+im`H ;2M2`H 2[mBHB#`BmK KQ/2H i?i ;2M2`i2b ?2i2`Q;2M2Biv BM i?2
bTB`Bi Q7 Bv;`B URNN9V r?BH2 HHQrBM; 7Q` `2H2pMi H#Qm` bmTTHv /2+BbBQMbX h?Bb
7`K2rQ`F rQmH/ HHQr 7Q`  [mMiB}+iBQM Q7 i?2 BKT+i Q7 r2H7`2 Q7 }b+H TQHB+B2b
i?i //`2bb BM2[mHBiv- #Qi? BM i2`Kb Q7 BM+QK2 M/ r2Hi?X
h?Bb TT2` ?b `2bi`B+i2/ Bib ii2MiBQM iQ KQ#BHBiv BM i?2 b?Q`i `mMX MQi?2` BM@
i2`2biBM; p2Mm2 Bb iQ 2tTHQ`2 i?2 2z2+ib Q7 itiBQM QM bQ+BH UQ` BMi2`;2M2`iBQMHV
KQ#BHBivX  HQr /2;`22 Q7 bbQ+BiBQM #2ir22M T`2MibǶ M/ +?BH/`2MǶb BM+QK2 Bb M BM/B@
+iQ` Q7 ?B;?2` 2[mHBiv Q7 QTTQ`imMBivX Lv#QK M/ aim?H2` UkyR9V MQi2 i?2 BKTQ`iM+2
Q7 b?Q+Fb z2+iBM; i?2 T`2Mib BM /2i2`KBMBM; +m``2Mi BMi2`;2M2`iBQMH KQ#BHBivX Ai Bb
i?2`27Q`2 ?B;?Hv `2H2pMi 7`QK  TQHB+v biM/TQBMi iQ mM/2`biM/ r?2i?2` KDQ` }b+H
`27Q`Kb b ht _2p2Mm2 +i Q7 RN3e +M ?p2  MQiB+2#H2 BKT+i QM +?BH/`2MǶb 7mim`2
TQbBiBQM BM i?2 BM+QK2 /Bbi`B#miBQMX
6BMHHv- Kv MHvbBb +M HbQ #2 2ti2M/2/ iQ mM/2`biM/ i?2 2z2+ib Q7 itiBQM QM
Qi?2` /BK2MbBQMb bm+? b DQ# KQ#BHBiv M/ i?2 /2+BbBQM Q7 #2+QKBM; M 2Mi`2T`2M2m`X
h?2 K+`Q2+QMQKB+ HBi2`im`2 i?i BMp2biB;i2b i?2 bQm`+2b Q7 r2Hi? BM2[mHBiv ?b
Q7i2M `2HB2/ QM 2Mi`2T`2M2m`b?BT b  F2v 2H2K2Mi iQ mM/2`biM/ r?v `B+? ?Qmb2?QH/b
++mKmHi2 bQ Km+? r2Hi? Ub22 .2 L`/B UkyR8VVX8d q?2i?2` i?2 BM+B/2M+2 Q7 T2`bQMH
BM+QK2 Q` +Q`TQ`i2 BM+QK2 itiBQM Bb  7+iQ` /2i2`KBMBM; i?2 /2+BbBQM iQ #2+QK2
b2H7@2KTHQv2/ U#2vQM/ r2Hi? ++mKmHiBQMV ?b BKTQ`iMi TQHB+v BKTHB+iBQMbX
8d>Qr2p2`- >m`bi M/ Gmb`/B Ukyy9V ?B;?HB;?ib i?i r2Hi? ++mKmHiBQM Bb QMHv M BKTQ`iMi
7+iQ` QM i?2 2Mi`2T`2M2m`BH /2+BbBQMb 7Q` i?Qb2 BM/BpB/mHb #Qp2 i?2 N8W T2`+2MiBH2 Q7 r2Hi?X
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_272`2M+2b
`QMbQM- .X M/ 6`2M+?- 1X UkyyNVX h?2 1z2+ib Q7 S`Q;`2bbBp2 htiBQM QM G#Q`
amTTHv r?2M >Qm`b M/ q;2b `2 CQBMiHv .2i2`KBM2/X CQm`MH Q7 >mKM _2bQm`+2b-
99UkV,j3eĜ9y3X
;?BQM- SX- F+B;Bi- lX- "2`;2m/- X- "HmM/2HH- _X- M/ >ûKQmb- .X UkyR8VX AMMQpiBQM
M/ hQT AM+QK2 AM2[mHBivX qQ`FBM; TT2`- >`p`/ lMBp2`bBivX
Bv;`B- aX _X URNN9VX lMBMbm`2/ A/BQbvM+`iB+ _BbF M/ ;;`2;i2 apBM;X Zm`i2`Hv
CQm`MH Q7 1+QMQKB+b- RyNUjV,e8NĜe39X
``Qr- EX CX M/ AMi`BHB;iQ`- JX .X UkyR8VX AMi`Q/m+iBQM iQ i?2 a2`B2bX AM iFBMbQM-
X "X M/ "Qm`;mB;MQM- 6X- 2/BiQ`b- >M/#QQF Q7 AM+QK2 .Bbi`B#miBQM- pQHmK2 k Q7
>M/#QQF Q7 AM+QK2 .Bbi`B#miBQM- T;2b tpBB ĜHtBBBX 1Hb2pB2`X
"``Q- _X CX M/ _2/HB+F- *X CX UkyRRVX J+`Q2+QMQKB+ 1z2+ib 7`QK :Qp2`MK2Mi Sm`@
+?b2b M/ ht2bX Zm`i2`Hv CQm`MH Q7 1+QMQKB+b- RkeURV,8RĜRykX
"`i?QHQK2r- .X URNdjVX aiQ+?biB+ JQ/2Hb 7Q` aQ+BH S`Q+2bb2bX qBH2v b2`B2b BM T`Q#@
#BHBiv M/ Ki?2KiB+H biiBbiB+bX CX qBH2vX
"HmM/2HH- _X- .mM+M- X- M/ J2;?B`- *X URNN3VX 1biBKiBM; G#Q` amTTHv _2bTQMb2b
lbBM; ht _27Q`KbX 1+QMQK2i`B+- eeU9V,3kdĜ3eRX
"`/#m`v- EX GX UkyRRVX h`2M/b BM la 6KBHv AM+QK2 JQ#BHBiv- RNeN@kyyeX qQ`FBM;
ST2`b RR@Ry- 62/2`H _2b2`p2 "MF Q7 "QbiQMX
"mi`B+- "X X M/ "m`F?mb2`- _X oX URNNdVX 1biBKiBM; 62/2`H AM+QK2 ht "m`/2Mb
7Q` SM2H aim/v Q7 AM+QK2 .vMKB+b USaA.V 6KBHB2b lbBM; i?2 LiBQMH "m`2m Q7
1+QMQKB+ _2b2`+? hsaAJ JQ/2HX av`+mb2 lMBp2`bBiv *2Mi2` 7Q` SQHB+v _2b2`+?
;BM; aim/B2b S`Q;`K ST2`- RkX
*?2iiv- _X M/ >2M/`2M- LX UkyR8VX h?2 AKT+ib Q7 L2B;?#Q`?QQ/b QM AMi2`;2M2`iBQMH
JQ#BHBiv, *?BH/?QQ/ 1tTQbm`2 1z2+ib M/ *QmMiv@G2p2H 1biBKi2bX qQ`FBM; TT2`-
>`p`/ lMBp2`bBivX
*?2iiv- _X- >2M/`2M- LX- EHBM2- SX- M/ a2x- 1X UkyR9VX q?2`2 Bb i?2 GM/ Q7 PTTQ`@
imMBiv\ h?2 :2Q;`T?v Q7 AMi2`;2M2`iBQMH JQ#BHBiv BM i?2 lMBi2/ aii2bX qQ`FBM;
ST2` RN39j- LiBQMH "m`2m Q7 1+QMQKB+ _2b2`+?X
*?2iiv- _X- >2M/`2M- LX- EHBM2- SX- a2x- 1X- M/ hm`M2`- LX UkyR9#VX Ab i?2 lMBi2/
aii2b aiBHH  GM/ Q7 PTTQ`imMBiv\ _2+2Mi h`2M/b BM AMi2`;2M2`iBQMH JQ#BHBivX
qQ`FBM; ST2` RN399- LiBQMH "m`2m Q7 1+QMQKB+ _2b2`+?X
*QmM+BH Q7 1+QMQKB+ /pBb2`b UkyR8VX 1+QMQKB+ _2TQ`i Q7 i?2 S`2bB/2MiX la :Qp@
2`MK2Mi S`BMiBM; P{+2- qb?BM;iQMX
.2 L`/B- JX UkyR8VX ZmMiBiiBp2 JQ/2Hb Q7 q2Hi? AM2[mHBiv,  am`p2vX qQ`FBM;
ST2` kRRye- LiBQMH "m`2m Q7 1+QMQKB+ _2b2`+?X
.BKQM/- SX M/ a2x- 1X UkyRRVX h?2 *b2 7Q`  S`Q;`2bbBp2 ht, 6`QK "bB+ _2b2`+?
iQ SQHB+v _2+QKK2M/iBQMbX CQm`MH Q7 1+QMQKB+ S2`bT2+iBp2b- k8U9V,Re8ĜRNyX
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6B`HB2- _X qX M/ E`b?BMbFv- >X X UkyRkVX GB[mB/Biv *QMbi`BMib- >Qmb2?QH/ q2Hi?-
M/ 1Mi`2T`2M2m`b?BT _2pBbBi2/X _2pB2r Q7 AM+QK2 M/ q2Hi?- 83UkV,kdNĜjyeX
622M#2`;- .X M/ *Qmiib- 1X URNNjVX M AMi`Q/m+iBQM iQ i?2 hsaAJ JQ/2HX CQm`MH
Q7 SQHB+v MHvbBb M/ JM;2K2Mi- RkURV,R3NĜRN9X
6B2H/b- :X M/ PF- 1X URNNNVX h?2 J2bm`2K2Mi Q7 AM+QK2 JQ#BHBiv, M AMi`Q/m+iBQM
iQ i?2 GBi2`im`2X AM aBH#2`- CX- 2/BiQ`- >M/#QQF Q7 AM+QK2 AM2[mHBiv J2bm`2K2Mi-
pQHmK2 dR Q7 _2+2Mi 1+QMQKB+ h?Qm;?i a2`B2b- T;2b 88dĜ8N3X aT`BM;2` L2i?2`HM/bX
6`2M+?- 1X Ukyy8VX h?2 1z2+ib Q7 >2Hi?- q2Hi?- M/ q;2b QM G#Qm` amTTHv M/
_2iB`2K2Mi "2?pBQm`X _2pB2r Q7 1+QMQKB+ aim/B2b- dkUkV,jN8Ĝ9kdX
:BiiH2KM- JX M/ CQv+2- JX URNNNVX >p2 6KBHv AM+QK2 JQ#BHBiv Sii2`Mb *?M;2/\
.2KQ;`T?v- jeUjV,kNNĜjR9X
:Qiib+?HF- SX URNNdVX AM2[mHBiv- AM+QK2 :`Qri?- M/ JQ#BHBiv, h?2 "bB+ 6+ibX
CQm`MH Q7 1+QMQKB+ S2`bT2+iBp2b- RRUkV,kRĜ9yX
:`m#2`- CX M/ a2x- 1X UkyykVX h?2 1HbiB+Biv Q7 ht#H2 AM+QK2, 1pB/2M+2 M/
AKTHB+iBQMbX CQm`MH Q7 Sm#HB+ 1+QMQKB+b- 39URV,RĜjkX
>`i- SX URNdeVX h?2 *QKT`iBp2 aiiB+b M/ .vMKB+b Q7 AM+QK2 .Bbi`B#miBQMbX
CQm`MH Q7 i?2 _QvH aiiBbiB+H aQ+B2ivX a2`B2b - RjNURV,Ry3ĜRk8X
>2i?+Qi2- CX- aiQ`2bH2ii2M- EX- M/ oBQHMi2- :X GX UkyyNVX ZmMiBiiBp2 J+`Q2+Q@
MQKB+b rBi? >2i2`Q;2M2Qmb >Qmb2?QH/bX MMmH _2pB2r Q7 1+QMQKB+b- RURV,jRNĜj89X
>mM;2`7Q`/- hX GX URNNjVX la AM+QK2 JQ#BHBiv BM i?2 a2p2MiB2b M/ 1B;?iB2bX _2pB2r
Q7 AM+QK2 M/ q2Hi?- jNU9V,9yjĜ9RdX
>m`bi- 1X M/ Gmb`/B- X Ukyy9VX GB[mB/Biv *QMbi`BMib- >Qmb2?QH/ q2Hi?- M/ 1M@
i`2T`2M2m`b?BTX CQm`MH Q7 SQHBiB+H 1+QMQKv- RRkUkV,jRNĜj9dX
C MiiB- JX M/ C2MFBMb- aX SX UkyR8VX AM+QK2 JQ#BHBivX AM iFBMbQM- X "X M/ "Qm`@
;mB;MQM- 6X- 2/BiQ`b- >M/#QQF Q7 AM+QK2 .Bbi`B#miBQM- pQHmK2 k Q7 >M/#QQF Q7
AM+QK2 .Bbi`B#miBQM- T;2b 3yd Ĝ Nj8X 1Hb2pB2`X
E2M2- JX SX UkyRRVX G#Q` amTTHv M/ ht2b,  am`p2vX CQm`MH Q7 1+QMQKB+ GBi2`@
im`2- 9NU9V,NeRĜRyd8X
EQT+xmF- qX- a2x- 1X- M/ aQM;- CX UkyRyVX 1`MBM;b AM2[mHBiv M/ JQ#BHBiv BM i?2
lMBi2/ aii2b, 1pB/2M+2 7`QK aQ+BH a2+m`Biv .i aBM+2 RNjdX Zm`i2`Hv CQm`MH Q7
1+QMQKB+b- Rk8URV,NRĜRk3X
G``BKQ`2- CX- JQ`i2MbQM- CX- aTHBMi2`- .X- 2i HX UkyR8VX AM+QK2 M/ 1`MBM;b JQ#BHBiv
BM la ht .iX qQ`FBM; TT2`- "Q`/ Q7 :Qp2`MQ`b Q7 i?2 62/2`H _2b2`p2 avbi2K
UlaVX
G2`KM- _X AX M/ uBix?FB- aX URNN8VX *?M;BM; _MFb M/ i?2 AM2[mHBiv AKT+ib Q7
ht2b M/ h`Mb72`bX LiBQMH ht CQm`MH- 93URV,TTX 98Ĝ8NX
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J2`i2Mb- EX UkyRjVX J`;BMH ht _i2b M/ AM+QK2, L2r hBK2 a2`B2b 1pB/2M+2X
qQ`FBM; ST2` RNRdR- LiBQMH "m`2m Q7 1+QMQKB+ _2b2`+?X
J2`i2Mb- EX M/ _pM- JX PX UkyRRVX lM/2`biM/BM; i?2 ;;`2;i2 1z2+ib Q7 M@
iB+BTi2/ M/ lMMiB+BTi2/ ht SQHB+v a?Q+FbX _2pB2r Q7 1+QMQKB+ .vMKB+b-
R9URV,kdĜ89X
J2`i2Mb- EX M/ _pM- JX PX UkyRkVX 1KTB`B+H 1pB/2M+2 QM i?2 ;;`2;i2 1z2+ib Q7
MiB+BTi2/ M/ lMMiB+BTi2/ la ht SQHB+v a?Q+FbX K2`B+M 1+QMQKB+ CQm`MH,
1+QMQKB+ SQHB+v- 9UkV,R98Ĝ3RX
J2`i2Mb- EX M/ _pM- JX PX UkyRjVX h?2 .vMKB+ 1z2+ib Q7 S2`bQMH M/ *Q`TQ`i2
AM+QK2 ht *?M;2b BM i?2 lMBi2/ aii2bX K2`B+M 1+QMQKB+ _2pB2r- RyjU9V,RkRkĜ
9dX
Lv#QK- JX M/ aim?H2`- CX UkyR9VX AMi2`T`2iBM; h`2M/b BM AMi2`;2M2`iBQMH JQ#BHBivX
qQ`FBM; TT2`- lMBp2`bB// *`HQb AAAX
SBF2iiv- hX UkyR9VX *TBiH BM i?2 hr2Miv@6B`bi *2Mim`vX >`p`/ lMBp2`bBiv S`2bbX
SBF2iiv- hX M/ a2x- 1X UkyyjVX AM+QK2 AM2[mHBiv BM i?2 lMBi2/ aii2b- RNRjĜRNN3X
Zm`i2`Hv CQm`MH Q7 1+QMQKB+b- RR3URV,RĜ9RX
SBF2iiv- hX M/ a2x- 1X UkyydVX >Qr S`Q;`2bbBp2 Bb i?2 la 62/2`H ht avbi2K\ 
>BbiQ`B+H M/ AMi2`MiBQMH S2`bT2+iBp2X CQm`MH Q7 1+QMQKB+ S2`bT2+iBp2b- kRURV,jĜ
k9X
Zm/`BMB- oX M/ _őQb@_mHH- CX@oX UkyR8VX AM2[mHBiv BM J+`Q2+QMQKB+bX AM iFBMbQM-
X "X M/ "Qm`;mB;MQM- 6X- 2/BiQ`b- >M/#QQF Q7 AM+QK2 .Bbi`B#miBQM- pQHmK2 k Q7
>M/#QQF Q7 AM+QK2 .Bbi`B#miBQM- T;2b RkkN Ĝ RjykX 1Hb2pB2`X
_K2v- oX UkyRRVX A/2MiB7vBM; :Qp2`MK2Mi aT2M/BM; a?Q+Fb, AiǶb HH BM i?2 hBKBM;X
Zm`i2`Hv CQm`MH Q7 1+QMQKB+b- RkeURV,RX
_QK2`- *X M/ _QK2`- .X UkyRyVX h?2 J+`Q2+QMQKB+ 1z2+ib Q7 ht *?M;2b, 1b@
iBKi2b "b2/ QM  L2r J2bm`2 Q7 6Bb+H a?Q+FbX K2`B+M 1+QMQKB+ _2pB2r-
RyyUjV,dejĜ3yRX
a2x- 1X- aH2K`Q/- CX- M/ :B2`ix- aX >X UkyRkVX h?2 1HbiB+Biv Q7 ht#H2 AM+QK2 rBi?
_2bT2+i iQ J`;BMH ht _i2b,  *`BiB+H _2pB2rX CQm`MH Q7 1+QMQKB+ GBi2`im`2-
T;2b jĜ8yX
a2x- 1X M/ wm+KM- :X UkyR9VX q2Hi? AM2[mHBiv BM i?2 lMBi2/ aii2b bBM+2 RNRj,
1pB/2M+2 7`QK *TBiHBx2/ AM+QK2 ht .iX qQ`FBM; ST2` kyek8- LiBQMH "m`2m
Q7 1+QMQKB+ _2b2`+?X
a?Q``Q+Fb- X URNd3VX AM+QK2 AM2[mHBiv M/ AM+QK2 JQ#BHBivX CQm`MH Q7 1+QMQKB+
h?2Q`v- RNUkV,jde Ĝ jNjX
a?Q``Q+Fb- X 6X URNd3#VX h?2 J2bm`2K2Mi Q7 JQ#BHBivX 1+QMQK2i`B+- 9eU8V,RyRjĜ
Ryk9X
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aH2K`Q/- CX URNNeVX >B;?@AM+QK2 6KBHB2b M/ i?2 ht *?M;2b Q7 i?2 RN3yb, h?2
MiQKv Q7 "2?pBQ`H _2bTQMb2X AM 62H/bi2BM- JX M/ SQi2`#- CX- 2/BiQ`b- 1KTB`B+H
7QmM/iBQMb Q7 ?Qmb2?QH/ itiBQM- T;2b ReNĜRNkX lMBp2`bBiv Q7 *?B+;Q S`2bbX
aiB;HBix- CX UkyRkVX h?2 T`B+2 Q7 BM2[mHBivX S2M;mBM lEX
wB/`- PX JX UkyR8VX ht *mib 6Q` q?QK\ >2i2`Q;2M2Qmb 1z2+ib Q7 AM+QK2 ht
*?M;2b QM :`Qri? M/ 1KTHQvK2MiX qQ`FBM; ST2` kRyj8- LiBQMH "m`2m Q7
1+QMQKB+ _2b2`+?X
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 move trace
jump correl
LQi2, 1pQHmiBQM Q7 BM/B+2b Q7 KQ#BHBiv #2ir22M RNed@RNNeX "Hm2 HBM2 UKQp2V Bb R@A_- BX2X i?2 T2`+2Mi;2
Q7 T2QTH2 i?i +?M;2 BM+QK2 /2+BH2b 7i2`  v2`X _2/ HBM2 Ui`+2V Bb i?2 MQ`KHBb2/ i`+2 BM/B+iQ`-
/2}M2/ b LhA= N−trace(P )N−1 X h?2 ;`22M HBM2 UDmKTV `2T`2b2Mib i?2 p2`;2 MmK#2` Q7 BM+QK2 +Hbb2b
U2X;X /2+BH2bV i?M  ?Qmb2?QH/ ;Q2b i?`Qm;? 7i2`  v2`X h?2 v2HHQr HBM2 U+Q``2HV Bb QM2 KBMmb i?2
#bQHmi2 +Q``2HiBQM Q7 BM+QK2 #2ir22M irQ /D+2Mi v2`bX h?2 /2}MBiBQM Q7 BM+QK2 Bb /Dmbi2/ :`Qbb
AM+QK2 U:AV #27Q`2 it2bX h?2 2pQHmiBQM Bb p2`v bBKBH` r?2M mbBM; /2}MBiBQMb Q7 BM+QK2 7i2` it2b
Q` 7i2` it2b M/ i`Mb72`bX
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before 1986 (red) from 1986 (blue)
LQi2, SM2H  b?Qrb i?2 2pQHmiBQM #2ir22M RNed@RNNe Q7 i?2 p2`;2 K`;BMH it `i2b 7Q` 2+? BM+QK2
/2+BH2 UbQHB/ HBM2bV +H+mHi2/ mbBM; hsaAJ M/ SaA. /iX h?2 /b?2/ HBM2 Bb i?2 2+QMQKv@rBb2
p2`;2 K`;BMH it `i2 7`QK "``Q M/ _2/HB+F UkyRRVX SM2H " b?Qrb i?2 `2HiBQMb?BT #2ir22M
i?2 72/2`H K`;BMH `i2b QM BM/BpB/mH BM+QK2 7Q` 2+? ?Qmb2?QH/ M/ v2` BM i?2 SaA. #27Q`2 M/
7i2` i?2 RN3e it `27Q`K UBM `2/ M/ #Hm2- `2bT2+iBp2HvV M/ i?2 `2H /Dmbi2/ :`Qbb AM+QK2 UBM RNNe
/QHH`bVX je
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PI tax changes (% income)
LQi2, _2HiBQMb?BT #2ir22M BM/B+2b Q7 KQ#BHBiv M/ it +?M;2bX :`T?b BM i?2 H27i +QHmKM /2TB+i i?2
+Q``2HiBQM Q7 KQ#BHBiv rBi? i?2 M``iBp2 K2bm`2 Q7 mMMiB+BTi2/ 2tQ;2MQmb H2;BbHi2/ it +?M;2b
Ub T2`+2Mi;2 Q7 MQKBMH :.SV 7`QK _QK2` M/ _QK2` UkyRyVX :`T?b BM i?2 `B;?i +QHmKM mb2 
bm#b2i Q7 i?2 _QK2` M/ _QK2` b2`B2b i?i QMHv +QMbB/2`b H2;BbHi2/ it +?M;2b i?i /B`2+iHv z2+i
BM/BpB/mH BM+QK2 it Ub  T2`+2Mi;2 Q7 `2TQ`i2/ BM+QK2V 7`QK J2`i2Mb UkyRjVX JQ#BHBiv BM/B+2b `2
i?2 T2`+2Mi;2 Q7 T2QTH2 +?M;BM; BM+QK2 /2+BH2b U}`bi `QrV- i?2 MQ`KHBb2/ i`+2 BM/2t ULhA- b2+QM/
`QrV M/ i?2 p2`;2 MmK#2` Q7 BM+QK2 i?`2b?QH/b Tbb2/ #v  ?Qmb2?QH/ #2ir22M irQ /D+2Mi v2`bX
BANCO DE ESPAÑA 42 DOCUMENTO DE TRABAJO N.º 1725
6B;m`2 9, h?2 2pQHmiBQM Q7 it `27Q`Kb URNed@RNNeV
SL1G , o`BiBQMb BM i?2 it `i2 /m2 iQ H2;BbHi2/ it +?M;2b
SL1G ", S2`+2Mi;2 Q7 ?Qmb2?QH/b z2+i2/ #v it `27Q`Kb
LQi2, SM2H  b?Qrb i?2 2pQHmiBQM #2ir22M RNed M/ RNNe Q7 i?2 BMbi`mK2Mi Δτ t−1i,t = τ ti,t − τ t−1i,t
U/Bz2`2M+2 #2ir22M i?2 +imH K`;BMH it `i2 M/  +QmMi2`7+imH K`;BMH it `i2 +QKTmi2/
mbBM; hsaAJVX :`2v #`b `2T`2b2Mi i?2 M``iBp2 K2bm`2 Q7 H2;BbHi2/ it +?M;2b Ub T2`+2Mi;2 Q7
MQKBMH :.SV 7`QK _QK2` M/ _QK2` UkyRyVX h?2b2 `2 +HbbB}2/ b 2M/Q;2MQmb it +?M;2b U`2Hi2/
iQ i?2 +m``2Mi bii2 Q7 i?2 2+QMQKv- BM HB;?i ;`2vV M/ 2tQ;2MQmb it +?M;2b UmM`2Hi2/ iQ i?2 bii2 Q7
2+QMQKv- BM /`F ;`2vVX SM2H " b?Qrb i?2 Ur2B;?i2/V T2`+2Mi;2 Q7 T2QTH2 7Q` 2+? /2+BH2 Q7 BM+QK2
i?i 2tT2`B2M+2  +?M;2 BM i?2B` K`;BMH it `i2 BM  ;Bp2M v2`- BX2X Δτ t−1i,t = 0X
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h#H2 R, PGa 2biBKiBQM UrBi? /Bz2`2Mi +QMi`QHbV











τt @yXj3j∗∗∗ @yXj3R∗∗∗ @yXjNy∗∗∗ @yX9yk∗∗∗ @yX9yR∗∗∗
UyXyeV UyXyeV UyXyeV UyXydV UyXydV
;2 U>V @yX8d3∗ @yXeR3∗∗ @yXeky∗∗ @yXekk∗∗
UyXjRV UyXjRV UyXjRV UyXjRV
;2 UqV yXRje yXRj9 yXRj9 yXRjk
UyXjyV UyXjyV UyXjyV UyXjyV
7KBHv bBx2 @yX8RR @yX8jj @yX8j8
UyXeeV UyXe8V UyXe8V
MmK +?BH/`2M @yXjy3 @yXke3 @yXke9
UyXe8V UyXe8V UyXe8V




N 8ydeN 8yd93 8yd93 8yd93 8yd93
LQi2, PGa 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 Q7 TQbi@it BM+QK2X hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2 iBK2
M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1- ∗∗
pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 k, PGa 2biBKiBQM













τt @yXjNN∗∗∗ @yX9yR∗∗∗ @yXj8y∗∗∗ @yXj89∗∗∗ @yX9yd∗∗∗ @yXk38∗∗∗
UyXyeV UyXydV UyXyeV UyXyeV UyXydV UyXydV
;2 U>V @yXedk∗∗ @yXekk∗∗ @yXk8d @yXNjy∗∗∗ @yXdkj∗∗ @yX9dj
UyXjyV UyXjRV UyXjRV UyXjRV UyXj8V UyXjdV
;2 UqV yXRRy yXRjk @yXReN yX8yj∗ yXjkk yXRjy
UyXjyV UyXjyV UyXjyV UyXjyV UyXj9V UyXjeV
7KBHv bBx2 @yXjRe @yX8j8 @yX3ke @yXRdj @yXej3 @yXeRd
UyXe3V UyXe8V UyXe8V UyXejV UyXe8V UyXeeV
MmK +?BH/`2M @yXRej @yXke9 yXyy3 @yX83N @yXR3e @yXRj9
UyXe3V UyXe8V UyXeeV UyXejV UyXe9V UyXedV
rQ`FBM; rB72 yXN8R yXNdk yX89k @yXk9k yXR3d @yX3kk
UyX3jV UyX38V UyXNRV UyX3jV UyX39V UyXN9V
?2Hi? biimb yX8d8 RXy39 yXj9y @RX8NN @yXyNj @kX39j∗∗
URXkjV URXkeV URXjkV URXk3V URXk3V URXkdV
N 8yd93 8yd93 9d3Ny 8yd93 8yd93 9d3Ny
LQi2, PGa 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 U.V Q` [mBMiBH2 UZV Q7 BM+QK2X aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it
:A- TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb
mb2 TM2H /i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM
#`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 j, Ao 2biBKiBQMb













τi,t @yX3Rj∗∗∗ @yXdeN∗∗∗ @yXdd8∗∗∗ @yX8Re∗∗ @yX9d3∗∗ @yX8ye∗∗
UyXkjV UyXkjV UyXkjV UyXkjV UyXkjV UyXkjV
;2 U>V @yX83k∗∗ @yX89k∗∗ 9X93R∗∗ @yX3N8∗∗∗ @yXdy3∗∗∗ kX8ey
UyXkdV UyXkdV URX3dV UyXkeV UyXkdV URXdeV
;2 UqV yXyd3 yXRy9 @yXRN3 yX9Ny∗ yXjRd yXRR9
UyXkeV UyXkeV UyXkdV UyXk8V UyXkeV UyXkeV
7KBHv bBx2 @yXkye @yX9jd @yXeN8 @yXRjy @yXeRN @yX893
UyXeyV UyXeRV UyXe9V UyX83V UyX83V UyXekV
MmK +?BH/`2M @yX9R3 @yX9Ny @yXkeR @yXe33 @yXkjy @yXkd9
UyXeRV UyXekV UyXe8V UyX8NV UyX8NV UyXekV
rQ`FBM; rB72 RXNkd∗∗ RX3jN∗ RX89N yXR9y yXj88 @yXkNd
UyXNeV UyXNdV UyXNNV UyXN8V UyXN8V UyXN3V
?2Hi? biimb yXk8y yXdN9 yXyk3 @RXdkd @yXR9N @jXyye∗∗
URXk8V URXkeV URXjkV URXkkV URXkjV URXk3V
1st bi;2 6@bii R8dd R8dd Reyk R8dd R8dd Reyk
N 8yd98 8yd98 9ddNR 8yd98 8yd98 9ddNR
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 U.V Q` [mBMiBH2 UZV Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH it `i2
τ X aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A M/ TQbi@it M/
TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2 iBK2 M/
BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue
p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 9, Ao 1biBKiBQM rBi? p2`;2 it `i2













τt @RXyk3∗∗∗ @yXNNj∗∗∗ @yXddR∗∗∗ @yX8Ny∗∗∗ @yXekd∗∗∗ @yX8eR∗∗∗
UyXR3V UyXR3V UyXReV UyXR8V UyXReV UyXR8V
τ¯t @9Xyjd @9XkyN yXyNk @RXjNR @kXdN3 @RXRed
UjXdRV UjXddV UjX8yV UkXN3V UjXReV UjXj8V
;2 U>V @yXydd @yXyRe 9X9ek∗∗ @yXdkR∗ @yXj83 kX3yR
UyX8RV UyX8kV UkXyyV UyX9kV UyX98V URX3NV
;2 UqV @yXR8R @yXRj8 @yXRN9 yX9RR yXR83 yXy88
UyXj9V UyXj9V UyXjkV UyXjyV UyXjRV UyXjRV
7KBHv bBx2 yX9e8 yXkej @yXdRy yXRyk @yXR89 @yXj8j
UyX39V UyX38V UyX3jV UyXdjV UyXdeV UyXdNV
MmK +?BH/`2M @9X8j9 @9Xd3R @yXRdy @kXRyd @jXy3j @RX9jy
UjXdjV UjXdNV UjX9kV UkXN3V UjXReV UjXkdV
rQ`FBM; rB72 RyXRy8 RyXje8 RXje8 kXN8N eXykk kXy93
UdXRNV UdXjyV UeXedV U8XedV UeXy9V UeXjdV
?2Hi? biimb @RX3ey @RX9y9 yXyd9 @kX989 @RXeRR @jX83N∗
UkXkkV UkXk9V UkXy3V URX3eV URXN8V UkXyyV
1st bi;2 6@bii N99 N99 N9N N99 N99 N9N
N 8yd98 8yd98 9ddNR 8yd98 8yd98 9ddNR
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH M/ p2`;2 it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM;
iQ  /Bz2`2Mi /2+BH2 U.V Q` [mBMiBH2 UZV Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b BMbi`mK2Mib 7Q` i?2 K`;BMH
it `i2 τt M/ i?2 p2`;2 it `i2 τ¯tX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it
:A M/ TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb
mb2 TM2H /i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM
#`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 8, _Q#mbiM2bb iQ Hi2`MiBp2 /2}MBiBQMb Q7 BM+QK2 U/2+BH2bV













τi,tt @yXNdN∗∗∗ @yXNjN∗∗∗ @RXye8∗∗∗ @yXd9k∗∗∗ @yX9yk∗ @yX9dj∗∗
UyXkjV UyXk9V UyXkjV UyXk9V UyXk9V UyXkjV
;2 U>V @yXdd8∗∗∗ @yX9R3 @yXe39∗∗∗ @yXe9y∗∗ @yXeNk∗∗∗ RX9Ry∗∗∗
UyXkdV UyXkdV UyXkeV UyXkdV UyXkdV UyXkeV
;2 UqV yXkN3 @yXyRj yXRdy yXk9j yX9d8∗ @yXRk3
UyXkeV UyXkeV UyXk8V UyXkeV UyXkeV UyXk8V
7KBHv bBx2 @yXd8e @yX8dk @yXjy9 @yXyNR jX3NR∗∗∗ yX8ey
UyXeRV UyXeRV UyXeRV UyXekV UyXeRV UyX8NV
MmK +?BH/`2M @yX8k3 @yX9Nk @yXNNR @RXjNd∗∗ @8XyNy∗∗∗ @RXd8k∗∗∗
UyXekV UyXekV UyXekV UyXekV UyXekV UyXeyV
rQ`FBM; rB72 kXkdR∗∗ kXj8y∗∗ jX38d∗∗∗ kXN99∗∗∗ yX3Rj RXR83
UyXNeV UyXNdV UyXNdV UyXNdV UyXNdV UyXNjV
?2Hi? bibimb RXed3 yX3e8 yXded yXe99 jXy3R∗∗ @yXjk9
URXk8V URXkdV URXkeV URXkdV URXk3V URXkjV
1st bi;2 6@bii R8dd R8dd R8dd R8dd R8dd R8dd
N 8yd98 8yd98 8yd98 8yd98 8yd98 8yd98
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH it `i2 τ X aT2+B}+iBQMb
/Bz2` BM ?Qr BM+QK2 Bb /2}M2/, +QHmKMb R@k `272` iQ it#H2 BM+QK2 Q7 ?2/ M/ rB72- +QHmKMb j@9
`272` iQ H#Qm` BM+QK2 Q7 ?2/ M/ rB72- +QHmKM 8 `272`b iQ bb2i BM+QK2 Q7 ?2/ M/ rB72- M/ +QHmKM
e `272`b iQ /Dmbi2/ 7KBHv BM+QK2 Ui?2 /DmbiK2Mi +QMbBbib QM /BpB/BM; 7KBHv BM+QK2 #v i?2 b[m`2
`QQi Q7 7KBHv bBx2VX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A
M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/
BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue
p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 e, _Q#mbiM2bb iQ Hi2`MiBp2 /2}MBiBQMb Q7 BM+QK2 U[mBMiBH2bV













τt @yXdkk∗∗∗ @yXek3∗∗∗ @RXykd∗∗∗ @yX3de∗∗∗ @yXRR8 @yXk33
UyXkjV UyXkjV UyXkjV UyXkjV UyXkjV UyXkkV
;2 U>V @yXdjN∗∗∗ @yXed8∗∗ @yXjdN @yX8j9∗∗ @yX9N3∗ RXyNk∗∗∗
UyXkeV UyXkdV UyXkeV UyXkeV UyXkeV UyXk8V
;2 UqV yXj83 yXjRR @yXy8d yXy3y yXjR8 @yXyRd
UyXk8V UyXkeV UyXk9V UyXk9V UyXk8V UyXkjV
7KBHv bBx2 @yX8ky @yX38e @RXyyd∗ @yXkd9 jXdN3∗∗∗ yXRyd
UyX83V UyX83V UyX83V UyX83V UyXeRV UyX88V
MmK +?BH/`2M @yXe9y @yXydk @yXkey @yXN3j∗ @8XydN∗∗∗ @yXdeR
UyX8NV UyX8NV UyX8NV UyX8NV UyXeRV UyX8eV
rQ`FBM; rB72 yXdek yXN93 kXNNR∗∗∗ kX83N∗∗∗ @RXj38 @yXkk3
UyXN8V UyXN8V UyXN9V UyXN8V UyXN8V UyX3dV
?2Hi? biimb @yX9de @yX39y yXjRd @yX98N RXdNe @yXye9
URXkkV URXkkV URXkkV URXkkV URXk9V URXR8V
1st bi;2 6@bii R8dd R8dd R8dd R8dd R8dd R8dd
N 8yd98 8yd98 8yd98 8yd98 8yd98 8yd98
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
[mBMiBH2 Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH it `i2 τ X aT2+B}+iBQMb
/Bz2` BM ?Qr BM+QK2 Bb /2}M2/, +QHmKMb R@k `272` iQ it#H2 BM+QK2 Q7 ?2/ M/ rB72- +QHmKMb j@9
`272` iQ H#Qm` BM+QK2 Q7 ?2/ M/ rB72- +QHmKM 8 `272`b iQ bb2i BM+QK2 Q7 ?2/ M/ rB72- M/ +QHmKM
e `272`b iQ /Dmbi2/ 7KBHv BM+QK2 Ui?2 /DmbiK2Mi +QMbBbib QM /BpB/BM; 7KBHv BM+QK2 #v i?2 b[m`2
`QQi Q7 7KBHv bBx2VX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A
M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/
BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue
p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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τt @yX3k3∗∗∗ @yXd3N∗∗∗ @yXdN8∗∗∗ @yXeN8∗∗∗ @yXe93∗∗∗ @yXe88∗∗∗
UyXkjV UyXk9V UyXkjV UyXkjV UyXkjV UyXkjV
;2 U>V @yX9eR @yX9je 9X8jj∗∗ @yX999∗ @yX9yj 9X8Rk∗∗
UyXk3V UyXk3V URX3NV UyXkeV UyXkdV URX38V
;2 UqV yXRR9 yXRd3 @yXyNN @yXykk yXyyk @yXjky
UyXkdV UyXkdV UyXk3V UyXk8V UyXkeV UyXkdV
7KBHv bBx2 yXyR3 @yXjR9 @yX8d3 @yXjy8 @yX89j @yX3RN
UyXe9V UyXe9V UyXe3V UyXeyV UyXeyV UyXejV
MmK +?BH/`2M @yX8jy @yX9dj @yXRR8 @yXje8 @yX9j8 @yXkyd
UyXe9V UyXe8V UyXeNV UyXeRV UyXeRV UyXe9V
rQ`FBM; rB72 RXNe9∗∗ kXjR8∗∗ RXejj RXeRk∗ RX8ye RXRjR
UyXNNV UyXNNV URXykV UyXNjV UyXN9V UyXNeV
?2Hi? biimb yXkNy RXkjk yX9e3 yXRRe yXeey @yXydR
URXkNV URXkNV URXjeV URXk9V URXk8V URXjRV
r2Hi? @yXy98∗∗∗ @yXy8R∗∗∗ @yXy99∗∗∗
UyXyRV UyXyRV UyXyRV
decilet−1 = 2 RjXjRy∗∗∗ RjXjkR∗∗∗ RjXkNd∗∗∗
URXjNV URXj3V URX9yV
decilet−1 = 3 R3XdR8∗∗∗ R3XN98∗∗∗ RdXN88∗∗∗
URX9kV URX9kV URX98V
decilet−1 = 4 kkXRky∗∗∗ kkX9ek∗∗∗ kkXjej∗∗∗
URXj3V URXj3V URX9kV
decilet−1 = 5 kkXeR8∗∗∗ kjXR9k∗∗∗ kjX8yN∗∗∗
URXj8V URXjeV URX9yV
decilet−1 = 6 kRX3y3∗∗∗ kkXjj9∗∗∗ kyXNed∗∗∗
URXj9V URXj9V URXj3V
decilet−1 = 7 kyXRNN∗∗∗ kyXdNd∗∗∗ kkX883∗∗∗
URXj8V URXj9V URXj3V
decilet−1 = 8 RdXk38∗∗∗ RdX3k8∗∗∗ R3X8Rj∗∗∗
URXjNV URXj3V URX9jV
decilet−1 = 9 RRXe39∗∗∗ RRX38k∗∗∗ RkXRdR∗∗∗
URX9yV URXjNV URX99V
1st bi;2 6@bii R8dy R8dy R8Nd R8ed R8ed R8Ne
N 9d8y3 9d8y3 9989d 8yd98 8yd98 9ddNR
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH it `i2 τtX aT2+B}+iBQMb
HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b
:AVX o`B#H2 r2Hi? Bb K2bm`2/ BM i?QmbM/b Q7 RNe /QHH`bX decilet−1 = k Bb  /mKKv p`B#H2
2[mH iQ R B7 i?2 BM+QK2 /2+BH2 BM i?2 T`2pBQmb T2`BQ/ rb kX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb
mb2 TM2H /i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM
#`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
h#H2 d, _Q#mbiM2bb iQ 7m`i?2` +QMi`QHb
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h#H2 3, _Q#mbiM2bb iQ BM+QK2 +QMi`QHb













τt @yX3yy∗∗∗ @yXdek∗∗∗ @yXddR∗∗∗ @RXy8j∗∗∗ @RXyyN∗∗∗ @yXN3j∗∗∗
UyXkkV UyXkkV UyXkkV UyXkkV UyXkkV UyXkkV
;2 U>V @yXdR9∗∗ @yXeR8∗∗ 9X9ee∗∗ @yX9jd∗ @yXjNd jX8e3∗∗
UyXk3V UyXk3V URX33V UyXk8V UyXk8V URXd8V
;2 UqV yXy3N yXRRy @yXRN8 yXyjN yXye8 @yXky3
UyXkeV UyXkeV UyXkdV UyXk9V UyXk9V UyXkeV
7KBHv bBx2 @yXk8j @yX9e9 @yXdRk yXy9e @yXR39 @yX99R
UyXeyV UyXeRV UyXejV UyX8dV UyX83V UyXekV
MmK +?BH/`2M @yX9yk @yX93R @yXk88 @yX9Rj @yX93e @yXkd9
UyXeRV UyXekV UyXe8V UyX83V UyX8NV UyXejV
rQ`FBM; rB72 RXddR∗∗ RXd8j∗ RX8yy kXN9y∗∗∗ kX388∗∗∗ kX9Ry∗∗
UyXNyV UyXNyV UyXNjV UyXNRV UyXNRV UyXN9V
?2Hi? biimb yXjkR yX3j9 yXy93 @RXRR9 @yX8dj @RXydN
URXk9V URXk8V URXjkV URXR3V URXRNV URXkdV
HQ; incomet−1 RXe9N yXNye yX88k
URXeeV URXe3V URXeNV
#b (Δincomet) N9XeRk∗∗∗ N9X3jd∗∗∗ 3dX8kj∗∗∗
UkXkkV UkXkkV UkXyyV
1st bi;2 6@bii RdNR RdNR R3yk R83R R83R Rey8
N 8yd9R 8yd9R 9dd33 8ydje 8ydje 9dd3j
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH it `i2 τtX aT2+B}+iBQMb
HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b
:AVX //BiBQMH +QMi`QHb ++QmMi 7Q` H;;2/ BM+QK2 M/ #bQHmi2 BM+QK2 +?M;2b- r?2`2 BM+QK2 Bb
K2bm`2/ b ?Qmb2?QH/Ƕb :AX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2
iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1-
∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 N, Ao 1biBKiBQM rBi? aii2 M/ Sv`QHH ht `i2b













τt @yX8e8∗∗∗ @yX98R∗∗ @yXjj9∗ @yXjdN∗ @yXj8e∗ @yXjj8∗
UyXkyV UyXkRV UyXkyV UyXRNV UyXkyV UyXRNV
τ¯t RX3ky 8Xk9e RXddd yX8RN jXRe3 RXRjd
U9XRNV U8XyjV U9Xk3V UjX3dV U9XjkV UjXNeV
;2 U>V yXydN @yXjkj @yXjRj @yX8kR @yXyNd @yXk9y
UyX9jV UyX9NV UyX99V UyX9RV UyX98V UyX9RV
;2 UqV @yXed3 @yXjRd @yXRyR yXkej @yXjk9 yXyR3
UyX9kV UyX93V UyX9jV UyX9yV UyX98V UyX9yV
7KBHv bBx2 @RXj38 @RXNNd @kXykj @yXdke @RXj9R @yXN9y
URXj9V URX8jV URXj8V URXk8V URXjeV URXkdV
MmK +?BH/`2M kXyNj 8XRNe kXjee yX8ej jXk8j RXkeR
U8XyeV UeXyjV U8XR8V U9XeNV U8XkyV U9XddV
rQ`FBM; rB72 @jXej8 @RRXy9k @9XRd3 @RX8kk @3XRyj @jXN39
URyXRyV URRXNNV URyXkNV UNXjdV URyXjdV UNX8dV
?2Hi? biimb kXyyd jXk9y kXe8d @RX89R RXdjd @yXj9k
UkX8eV UkXNRV UkX83V UkX9RV UkXeRV UkX98V
1st bi;2 6@bii R9Re R9Re R9Rk R9Re R9Re R9Rk
N j89y3 j89y3 j8jd9 j89y3 j89y3 j8jd9
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi
/2+BH2 U.V Q` [mBMiBH2 UZV Q7 BM+QK2X ht2b BM+Hm/2 72/2`H BM+QK2- Tv`QHH M/ bii2 HB#BHBiB2bX ht
`27Q`Kb `2 mb2/ b BMbi`mK2Mib 7Q` i?2 K`;BMH it `i2 τt M/ i?2 p2`;2 it `i2 τ¯tX aT2+B}+iBQMb
HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A M/ TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b
:AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/
2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗
pvalue p < 0.01X
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h#H2 Ry, Ao 1biBKiBQM aKTH2 ai#BHBiv













τt @yX3j8∗∗ @yXNdR∗∗∗ @yX39d∗∗ @RXyR3∗∗∗ @yX3jd∗∗∗ @yXeNy∗∗∗
UyX9RV UyXjdV UyXj8V UyXkeV UyXkdV UyXkeV
τ¯t @8XR98∗∗∗ @kXNy3∗ @RX9de @yXN8N @yXye3 @yX3ed
URXdeV URXe9V URX8jV URXNRV URXNkV URXNRV
;2 U>V RXkkN∗ yXek3 yXyyj yXjkk @RXydj @yX383
UyXeNV UyXe9V UkXy3V UyXNyV UyXN9V UyXN8V
;2 UqV @yXRe9 @yXyy8 @yXR3k @yXd98 yXdey yX3jd
UyX9jV UyX9kV UyX98V UyX3NV UyXNkV UyXN9V
7KBHv bBx2 @yX3yk @yXj9y @yXd9y @RXyN9 @RXkd9 @RXyek
UyX3RV UyX3yV UyX38V URXjdV URXj3V URXj8V
MmK +?BH/`2M @8Xydk∗∗∗ @jXjyy∗ @RXdRy @yXR9d yXkkk @yXj9k
URX3eV URXdjV URX83V UkX9yV UkX9RV UkXj3V
rQ`FBM; rB72 NXeee∗∗∗ 8Xj3k∗ jXNd3 jX9Ry RXNyk yX99R
UjXRRV UkX39V UkX8NV U9XekV U9XeeV U9Xe9V
?2Hi? biimb @kXdNk @yX899 @kXRkR @RX899 RXd89 RX38j
URXNdV URXNRV URXN3V UkX9RV UkXj9V UkX9RV
1st biX 6@bii R8d R8d R83 3Rj 3Rj 3Ry
N kNyeN kNyeN keR99 RNj8e RNj8e RNjkR
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH M/ p2`;2 it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM;
iQ  /Bz2`2Mi /2+BH2 Q7 BM+QK2 #27Q`2 M/ 7i2` UBM+Hm/BM;V RN3eX ht `27Q`Kb `2 mb2/ b BMbi`mK2Mib
7Q` i?2 K`;BMH it `i2 τt M/ i?2 p2`;2 it `i2 τ¯tX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb
K2bm`2/ UT`2@it :A M/ TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@
RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/
2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 RR, _Q#mbiM2bb iQ bKTH2 b2H2+iBQM





















τt @yXdRN∗∗∗ @yXN8j∗∗∗ @yX99N∗∗ @yX9Rd∗ @yX3dd∗∗∗ @yX3jN∗∗∗ @yXdkR∗∗∗ @yXd9y∗∗∗ @yXd8N∗∗∗ @yX3y9∗∗∗
UyXk8V UyXk8V UyXkRV UyXkkV UyXkyV UyXkRV UyXkkV UyXkkV UyXk9V UyXkjV
;2 U>V @yXdjy∗∗ @yXdj8∗∗ @yX8e8∗∗ @yX8dR∗∗ @yXkN8 @yXRNd @yX88j∗∗ @yX99d∗ @yX8de∗∗ @yX8jR∗∗
UyXkNV UyXkNV UyXkjV UyXkjV UyXkkV UyXkkV UyXkdV UyXkdV UyXkdV UyXkdV
;2 UqV yXkd3 yXked yXyjN yXRkN @yXy93 @yXRdR yXyde yXy93 yXyjj yXRRe
UyXk3V UyXk3V UyXkkV UyXkkV UyXkRV UyXkRV UyXkeV UyXkeV UyXkeV UyXkeV
7KBHv bBx2 @yXdjR @yX988 yXkye @RXyyy∗ @yX3k8 @yX8NR yXyjR @yX8jk @yXkyN @yX8d8
UyXeeV UyXedV UyX8dV UyX83V UyX89V UyX89V UyXeyV UyXeRV UyXeRV UyXeRV
MmK +?BH/`2M @yXkNk @yX393 @yXN8e yXkye @yXkyN @yXRNR @yXek3 @yX8R8 @yX933 @yXjNy
UyXe3V UyXe3V UyX83V UyX8NV UyX88V UyX88V UyXeRV UyXeRV UyXekV UyXekV
KH2 ?2/ @kdXde9 @kNXRj8
UkkXkdV UkkXjdV
1st biX 6@bii RjNk RjNk Re8y Re8y RjkR RjkR RRNk RRNk R8de R8de
N jkyNy jkyNy eyk8j eyk8j eykjR eykjR 8Reky 8Reky 8yde3 8yde3
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ  /Bz2`2Mi /2+BH2 Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M
BMbi`mK2Mi 7Q` i?2 K`;BMH it `i2 τtX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A Q` TQbi@it :AV M/ QM Hi2`iBQMb Q7 i?2
#2M+?K`F bKTH2 7`QK h#H2 jX *QHmKMb R M/ k /`QTb i?2 ?Qmb2?QH/b 7`QK i?2 a1P bm#bKTH2 Ur?B+? Qp2`@`2T`2b2Mib HQr@BM+QK2 7KBHB2bV M/ mb2b
2[mH r2B;?ib 7Q` HH Q#b2`piBQMbX *QHmKMb j M/ 9 2tTM/b i?2 bKTH2 iQ BM+Hm/2 ?Qmb2?QH/b rBi?  rQ`FBM; ?2/ 7`QK HH ;2b UMQi QMHv #2ir22M
k8@ey v2`bVX *QHmKMb 8 M/ e // ?Qmb2?QH/b rBi?  ?2/ r?Q Bb b2H7@2KTHQv2/X *QHmKMb d M/ 3 HbQ BM+Q`TQ`i2 ?Qmb2?QH/b rBi? M mM2KTHQv2/
?2/- BM+Hm/BM; M //BiBQMH +QMi`QH UrQ`FBM; ?2/-  /mKKv 7Q` 2KTHQv2/ ?2/b Q7 ?Qmb2?QH/bVX *QHmKMb N M/ Ry 2ti2M/ i?2 #2M+?K`F bKTH2
rBi? ?Qmb2?QH/b i?i HbQ ?p2  72KH2 ?2/ U /mKKv p`B#H2 7Q` KH2 ?2/b Bb HbQ BM+Hm/2/VX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H
/i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue
p < 0.01X
rQ`FBM; ?2/ @RyXkRy @NXNNj
UeXNeV UeXNRV
?2Hi? biimb yX8Nd @yXde9 kX9de∗∗ kX33R∗∗ @yX8y8 @yX9Re RXRe8 RXRkN yXd9e yXdNk
URXj8V URXjeV URXR9V URXR8V URXRRV URXRRV URXk9V URXk8V URXk8V URXkeV
rQ`FBM; rB72 kXdjy∗∗∗ kXN3k∗∗∗ RXed9∗ jXRde∗∗∗ RXkj3 yXd3d kXRRy∗∗ RX8eN∗ RXNj9∗∗ RX8ky
UyXNNV UyXNNV UyX3NV UyX3NV UyX39V UyX39V UyXN9V UyXN9V UyXNeV UyXNdV
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h#H2 Rk, Ao 1biBKiBQM CmKTb rBi? h_













τt @yXyRj∗∗∗ @yXyRk∗∗∗ @yXyy3∗∗ @yXyye∗∗∗ @yXyye∗∗∗ @yXyy8∗∗
UyXyyV UyXyyV UyXyyV UyXyyV UyXyyV UyXyyV
τ¯t @yXRRk @yXRke @yXyyk @yXy98 @yXyek @yXykN
UyXy3V UyXyNV UyXy3V UyXy9V UyXy8V UyXy8V
;2 U>V @yXyyy yXyyk yXyed @yXyy8 @yXyyy yXy9k
UyXyRV UyXyRV UyXy8V UyXyRV UyXyRV UyXyjV
;2 UqV yXyyR @yXyyR yXyy8 yXyy9 yXyyR yXyyR
UyXyRV UyXyRV UyXyRV UyXyyV UyXyyV UyXyyV
7KBHv bBx2 yXyRe yXyR9 @yXyye yXyyk yXyyR @yXyy8
UyXykV UyXykV UyXykV UyXyRV UyXyRV UyXyRV
MmK +?BH/`2M @yXRjN∗ @yXR93∗ @yXykk @yXy88 @yXyed @yXyjk
UyXy3V UyXyNV UyXy3V UyXy9V UyXy8V UyXy9V
rQ`FBM; rB72 yXRd9 yXkyk @yXyey yXye3 yXRye yXyk9
UyXReV UyXRdV UyXR8V UyXy3V UyXyNV UyXyNV
?2Hi? biimb @yXy9k @yXy9R @yXyRe @yXyjd @yXyk8 @yXy9d∗
UyXy8V UyXy8V UyXy9V UyXyjV UyXyjV UyXyjV
1st bi;2 6@bii N99 N99 N93 N99 N99 N93
N 8yd98 8yd98 9dd9k 8yd98 8yd98 9dd9k
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 MmK#2` Q7 BM+QK2 `MFb UBM
/2+BH2b- .- Q` [mBMiBH2b- ZV +`Qbb2/ HQM; i?2 BM+QK2 /Bbi`B#miBQMX ht `27Q`Kb `2 mb2/ b BMbi`mK2Mib
7Q` i?2 K`;BMH it `i2 τt M/ i?2 p2`;2 it `i2 τ¯tX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb
K2bm`2/ UT`2@it :A- TQbi@it :A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX
HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b
`2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 Rj, _Q#mbiM2bb iQ /Bz2`2Mi H;b Q7 i?2 K`;BMH it `i2 U/2+BH2b Q7 BM+QK2V



















;2 U>V @yXejj∗∗ @yXe8k∗∗ @yXRd8 yX8Ry kX3R9 yXRy8
UyXkNV UyXkNV UkXRdV UkXRdV UkXkNV UkXkNV
;2 UqV yXkkN yXRdd yXeRj∗ yXkdR yXyNe yXk88
UyXk3V UyXk3V UyXj9V UyXj9V UyX9yV UyX9yV
7KBHv bBx2 @yXe8d @yX3y9 @yX999 @yX9j8 @yX3de @yXNej
UyXeRV UyXeRV UyXe8V UyXe8V UyXeNV UyXeNV
MmK +?BH/`2M yXRk3 @yXyee yXj88 yXyeR yXkRR @yXRjk
UyXekV UyXekV UyXedV UyXedV UyXdRV UyXdRV
rQ`FBM; rB72 yXNyy @yXy3k yX9j8 yXyjN yXd3R yXNeR
UyX39V UyX39V UyX3NV UyX3NV UyXNeV UyXNeV
?2Hi? biimb RXkje yXeRj kXRkj kXkNk RXeRN kXkN8
URXkdV URXkNV URX9yV URX9jV URX8kV URX89V
1st bi;2 6@bii R83j R83j RjN8 RjN8 RR3y RR3y
N 938yd 938yd 9RRR3 9RRR3 j899N j899N
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ 
/Bz2`2Mi /2+BH2 U.V Q` [mBMiBH2 UZV Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH
it `i2 τtX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A M/
TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2
iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1-
∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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h#H2 R9, _Q#mbiM2bb iQ /Bz2`2Mi H;b Q7 i?2 K`;BMH it `i2 U[mBMiBH2b Q7 BM+QK2V



















;2 U>V @yXd99∗∗∗ @yX8N9∗∗ RX939 RXe3d kXkyj yXjN8
UyXkNV UyXkNV UkXyjV UkXykV UkXR3V UkXReV
;2 UqV yX8d9∗∗ yXjR3 yX33N∗∗∗ yXe3k∗∗ yXk9N yX98y
UyXkdV UyXk3V UyXjjV UyXjkV UyXjdV UyXjdV
7KBHv bBx2 yXR9N @yXdky yXeyd @yXRjy yXR99 @yXRyj
UyX8NV UyX83V UyXekV UyXekV UyXeeV UyXeeV
MmK +?BH/`2M @yXN8e @yXRdj @yX8y3 @yX9NR @yX9ek @yXdj3
UyXeyV UyX8NV UyXejV UyXejV UyXedV UyXedV
rQ`FBM; rB72 @yXkNd @yXkNe @RXejN∗ @RXykk @RXdy8∗ @RXRN9
UyX3jV UyX3jV UyX3dV UyX3dV UyXN9V UyXN9V
?2Hi? biimb @RXjk3 @RXj3d @yXee3 @yXNdR yX8j8 yXdkk
URXk8V URXk8V URXjdV URXjeV URX9dV URX9dV
1st bi;2 6@bii R83j R83j RjN8 RjN8 RR3y RR3y
N 938yd 938yd 9RRR3 9RRR3 j899N j899N
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; iQ 
/Bz2`2Mi /2+BH2 U.V Q` [mBMiBH2 UZV Q7 BM+QK2X ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q` i?2 K`;BMH
it `i2 τtX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it :A M/
TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/ BM+Hm/2
iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue p < 0.1-
∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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τt @RX9j8∗∗∗ @RX9e3∗∗∗ yXNR8∗∗∗ yXdk3∗∗∗ yXNRe∗∗ RXRjk∗∗∗
UyXkdV UyXkdV UyXkeV UyXkeV UyXjNV UyXjNV
;2 U>V @yXRek yXy8N yX9Nk yXjR8 @yXRe9 @yXkjR
UyXjkV UyXjjV UyXjRV UyXjkV UyXjjV UyXj9V
;2 UqV @yXjyy @yX9ke @yXRR9 @yXyRd yXjk8 yXj3y
UyXjRV UyXjRV UyXjyV UyXjRV UyXjRV UyXjkV
7KBHv bBx2 @yX3k9 @RXk89∗ yXR3d yXjeN yXjyk yXee8
UyXeNV UyXdyV UyXedV UyXe3V UyXddV UyXd3V
MmK +?BH/`2M yXNNk RXeRe∗∗ @yXkk8 @yX9jk @yX9N3 @RXyjk
UyXdkV UyXdjV UyXdyV UyXdRV UyX3yV UyX3RV
rQ`FBM; rB72 ReXdNk∗∗∗ ReXje9∗∗∗ @kX3jy∗∗ @kXyNN∗ @R3XNjy∗∗∗ @RNXyk9∗∗∗
URXyNV URXyNV URXRyV URXRyV URX99V URX99V
?2Hi? biimb @yXyyk @yX8kj @yXkNk @yXN9k RXy3k kXd93
URX9dV URX93V URXjNV URXjNV URXeeV URXe3V
1st bi;2 6@bii RR3R RR3R RR3R RR3R d3R d3R
N j39Rd j39Rd jNdee jNdee jkkkN jkkkN
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; mT iQ
 ?B;?2` BM+QK2 /2+BH2 U+QHmKMb R M/ kV- bivBM; BM i?2 bK2 /2+BH2 U+QHmKMb j M/ 9V Q` KQpBM;
/QrM iQ  HQr2` /2+BH2 U+QHmKMb 8 M/ eVX aKTH2 Bb `2bi`B+i2/ iQ Q#b2`piBQMb r?2`2 i?2 ?2/ Q7 i?2
?Qmb2?QH/ ?b MQi +QKTH2i2/ +QHH2;2 2/m+iBQMX >Qmb2?QH/b rBi? BM+QK2 BM iBK2 t−1 #2HQM;BM; iQ i?2
Ryi? /2+BH2 `2 2t+Hm/2/ 7`QK bT2+B}+iBQMb R M/ kX >Qmb2?QH/b rBi? BM+QK2 BM iBK2 t− 1 #2HQM;BM;
iQ i?2 Rbi /2+BH2 `2 2t+Hm/2/ 7`QK bT2+B}+iBQMb 8 M/ eX ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q`
i?2 K`;BMH it `i2 τtX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it
:A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/
BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue
p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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τt yX9j3 yXydR yX93y RXyeR∗∗ @yXNN9∗∗ @RXjyk∗∗∗
UyX89V UyX8eV UyX8RV UyX8RV UyX9NV UyX9NV
;2 U>V @yXy39 @yXe89 yXj8k yX8yj yXRNy yXjky
UyXddV UyXddV UyX88V UyX8kV UyX93V UyX8yV
;2 UqV @yX8ke @yXykN yXjy3 yXykN yXykN yXyyd
UyXd9V UyXd9V UyX8kV UyX9NV UyX9eV UyX93V
7KBHv bBx2 RXjdd yXdNj yXyj3 yXj9y @yXR88 yXj38
URXd8V URXdjV URXjNV URXjNV URXkyV URXkkV
MmK +?BH/`2M yXyye yXkky RX99j kXR3y @RX39N @kXN93∗∗
URXdkV URXdRV URXjeV URXjeV URXRdV URXRNV
rQ`FBM; rB72 RkXyNk∗∗∗ RjXyNN∗∗∗ RX399 @yXjkj @NXdRj∗∗∗ @3XjNd∗∗∗
UkXRRV UkXR8V UkXyRV UkXyjV URX3eV URX33V
?2Hi? biimb @RXN8e @RX3jy RXRkN yXjN8 @RXk8k @yXeNR
UjX9jV UjX9eV UjXykV UjXyRV UkX39V UkXd9V
1st bi;2 6@bii j3d j3d 9ke 9ke 99R 99R
N 3k8N 3k8N Ry88e Ry88e RyjRe RyjRe
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; mT iQ
 ?B;?2` BM+QK2 /2+BH2 U+QHmKMb R M/ kV- bivBM; BM i?2 bK2 /2+BH2 U+QHmKMb j M/ 9V Q` KQpBM;
/QrM iQ  HQr2` /2+BH2 U+QHmKMb 8 M/ eVX aKTH2 Bb `2bi`B+i2/ iQ Q#b2`piBQMb r?2`2 i?2 ?2/ Q7 i?2
?Qmb2?QH/ ?b +QKTH2i2/ +QHH2;2 2/m+iBQMX >Qmb2?QH/b rBi? BM+QK2 BM iBK2 t − 1 #2HQM;BM; iQ i?2
Ryi? /2+BH2 `2 2t+Hm/2/ 7`QK bT2+B}+iBQMb R M/ kX >Qmb2?QH/b rBi? BM+QK2 BM iBK2 t− 1 #2HQM;BM;
iQ i?2 Rbi /2+BH2 `2 2t+Hm/2/ 7`QK bT2+B}+iBQMb 8 M/ eXht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q`
i?2 K`;BMH it `i2 τtX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it
:A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/
BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue
p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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τt @RX8e9∗∗∗ @RXdRN∗∗∗ @RX99R∗∗∗ @yXeky @yXdRj @yXe99
UyXkjV UyXk8V UyXkeV UyXN9V UyXNRV UyXNRV
;2 U>V RXkjd RXkR3 kX38y yXjyj yXde9 kXdNy
UyX3RV UyXddV U9X8RV UyXejV UyXeeV U8XyNV
;2 UqV @yXjyj @yXkeN yXyy9 @yXRyj @yXje9 yXRjj
UyX3yV UyXdeV UyXd3V UyXejV UyXe9V UyXeyV
7KBHv bBx2 yXkj3 @yX3jR @yXkyR @kXyke @yXNNd @yXy83
URX89V URX88V URXddV URX8kV URXeRV URXejV
MmK +?BH/`2M kX833 9Xj9j∗∗∗ 9X8yN∗∗ @yXd9k @kX3jN∗ @9X33d∗∗∗
URXeyV URXe8V URXN8V URXekV URXeNV URXd3V
rQ`FBM; rB72 kkXdR9∗∗∗ kkXyNR∗∗∗ kyX9ye∗∗∗ @ReXj9y∗∗∗ @RdXjjR∗∗∗ @RdX83j∗∗∗
URXNyV URXNkV UkXykV UjXd3V UjXe8V UjXNeV
?2Hi? biimb @RX99N @yX9eN RXeN8 3Xede∗∗ RyXk3e∗∗ dX893∗
UkX3NV UjXyRV UjXkeV UjXNRV U9X9eV U9X83V
1st bi;2 6@bii 98e 9jN 9j3 Ny NR dj
N eNeR e3jy ejRj jjjy jjdN jRdy
LQi2, Ao UkaGaV 2biBKi2b Q7 i?2 2z2+ib Q7 K`;BMH it `i2b QM i?2 T`Q##BHBiv Q7 KQpBM; mT iQ 
?B;?2` BM+QK2 /2+BH2 7Q` ?Qmb2?QH/b BM i?2 #QiiQK /2+BH2 U+QHmKMb R@jV Q` i?2 T`Q##BHBiv Q7 KQpBM; iQ
 HQr2` /2+BH2 7Q` ?Qmb2?QH/b BM i?2 iQT /2+BH2 U+QHmKMb 9@eVX ht `27Q`Kb `2 mb2/ b M BMbi`mK2Mi 7Q`
i?2 K`;BMH it `i2 τtX aT2+B}+iBQMb HbQ /Bz2` QM ?Qr BM+QK2 Bb K2bm`2/ UT`2@it :A- TQbi@it
:A M/ TQbi@it M/ TQbi@i`Mb72`b :AVX hBK2 bTM Bb RNed@RNNeX HH `2;`2bbBQMb mb2 TM2H /i M/
BM+Hm/2 iBK2 M/ BM/BpB/mH }t2/ 2z2+ibX _Q#mbi biM/`/ 2``Q`b `2 `2TQ`i2/ BM #`+F2ibX ∗ pvalue
p < 0.1- ∗∗ pvalue p < 0.05- ∗ ∗ ∗ pvalue p < 0.01X
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TT2M/Bt
6B;m`2 R, 1pQHmiBQM Q7 i?2 T`Q##BHBiv Q7 i`MbBiBQM Ki`Bt URNed@RNNeV
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LQi2, 1pQHmiBQM Q7 BM/B+2b Q7 KQ#BHBiv i i?2 #QiiQK M/ iQT /2+BH2b #2ir22M RNed@RNe3X SM2H 
b?Qrb i?2 2pQHmiBQM Q7 i?2 T`Q##BHBiv i?i  ?Qmb2?QH/b H2p2 i?2 }`bi /2+BH2 Q7 BM+QK2 UBX2X 1−P 1,1 BM
1[miBQM kVX SM2H " b?Qrb i?2 2pQHmiBQM Q7 i?2 T`Q##BHBiv i?i  ?Qmb2?QH/b KQp2b /QrM 7`QK i?2
iQT /2+BH2 Q7 BM+QK2 UBX2X 1− P 10,10 BM 1[miBQM kVX h?2 /Bbi`B#miBQM Bb +QKTmi2/ mbBM; #Qi? T`2@it
M/ TQbi@it BM+QK2X
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LQi2, 1pQHmiBQM Q7 i?2 p2`;2 it `i2b #2ir22M RNed@RNe3Xh?2 };m`2 /BbTHvb i?2 p2`;2 `iBQ Q7
iQiH 72/2`H BM+QK2 it HB#BHBiB2b iQ /Dmbi2/ ;`Qbb BM+QK2 U:AV 7Q` 2+? BM+QK2 /2+BH2X ht HB#BHBiB2b
`2 +QKTmi2/ mbBM; hsaAJ M/ /i 7`QK SaA.X
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6B;m`2 j, o`BiBQMb BM p2`;2 ht _i2b /m2 iQ H2;BbHi2/ it +?M;2b URNed@RNNeV
LQi2, 1pQHmiBQM #2ir22M RNed M/ RNNe Q7 i?2 BMbi`mK2Mi Δ ¯τ t−1i,t = τ ti,t− τ t−1i,t U/Bz2`2M+2 #2ir22M i?2
+imH p2`;2 it `i2 M/  +QmMi2`7+imH p2`;2 it `i2 +QKTmi2/ mbBM; hsaAJVX :`2v #`b
`2T`2b2Mi i?2 M``iBp2 K2bm`2 Q7 H2;BbHi2/ it +?M;2b Ub T2`+2Mi;2 Q7 MQKBMH :.SV 7`QK _QK2`
M/ _QK2` UkyRyVX h?2b2 `2 +HbbB}2/ b 2M/Q;2MQmb it +?M;2b U`2Hi2/ iQ i?2 +m``2Mi bii2 Q7 i?2
2+QMQKv- BM HB;?i ;`2vV M/ 2tQ;2MQmb it +?M;2b UmM`2Hi2/ iQ i?2 bii2 Q7 2+QMQKv- BM /`F ;`2vVX
6B;m`2 9, o`BiBQM BM iQiH K`;BMH it `i2b URNdd@RNNeV
LQi2, _2HiBQMb?BT #2ir22M iQiH K`;BMH it `i2b M/ `2H /Dmbi2/ :`Qbb AM+QK2 URNNe la /QHH`bVX
hQiH K`;BMH it `i2b BM+Hm/2 i?2 72/2`H K`;BMH `i2b QM BM/BpB/mH BM+QK2- Tv`QHH M/ aQ+BH
a2+m`Biv HB#BHBiB2b M/ aii2 K`;BMH it `i2b 7Q` 2+? ?Qmb2?QH/ M/ v2` BM i?2 SaA. #27Q`2 M/
7i2` i?2 RN3e it `27Q`K UBM `2/ M/ #Hm2- `2bT2+iBp2HvVX
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h#H2 R, *Q``2HiBQMb #2ir22M it2b U__- iQiHV M/ KQ#BHBiv
τRomer
KQp2 USV T`2@it @yXRNk
KQp2 USV TQbi@it @yXjyj
KQp2 UZV T`2@it @yXRNN
KQp2 UZV TQbi@it @yXkej
i`+2 USV T`2@it @yXRRk
i`+2 USV TQbi@it @yXReN
i`+2 UZV T`2@it @yXRdj
i`+2 UZV T`2@it @yXkRe
DmKT UT`2@itV @yXkye
DmKT UTQbi@itV @yXkk8
LQi2, *Q``2HiBQM #2ir22M BM/B+2b Q7 KQ#BHBiv M/ i?2 M``iBp2 K2bm`2 Q7 iQiH H2;BbHi2/ it +?M;2b
Ub T2`+2Mi;2 Q7 MQKBMH :.SV 7`QK _QK2` M/ _QK2` UkyRyVX JQ#BHBiv BM/B+2b `2 i?2 T2`+2Mi;2
Q7 T2QTH2 +?M;BM; BM+QK2 /2+BH2b U`Qrb R@kV Q` [mBMiBH2b U`Qrb j@9V- i?2 MQ`KHBb2/ i`+2 BM/2t ULhA-
`Qrb 8@e 7Q` /2+BH2b M/ d@3 7Q` [mBMiBH2bV M/ i?2 p2`;2 MmK#2` Q7 BM+QK2 /2+BH2b Tbb2/ #v 
?Qmb2?QH/ #2ir22M irQ /D+2Mi v2`bX h?2 KQ#BHBiv BM/B+2b `2 +QKTmi2/ mbBM; #Qi? BM+QK2 #27Q`2
it2b UT`2@itV M/ 7i2` it2b UTQbi@itVX
BANCO DE ESPAÑA PUBLICATIONS 
WORKING PAPERS  
1601  CHRISTIAN CASTRO, ÁNGEL ESTRADA and JORGE MARTÍNEZ: The countercyclical capital buffer in Spain: 
an analysis of key guiding indicators.
1602  TRINO-MANUEL ÑÍGUEZ and JAVIER PEROTE: Multivariate moments expansion density: application of the dynamic 
equicorrelation model.
1603  ALBERTO FUERTES and JOSÉ MARÍA SERENA: How fi rms borrow in international bond markets: securities regulation 
and market segmentation.
1604  ENRIQUE ALBEROLA, IVÁN KATARYNIUK, ÁNGEL MELGUIZO and RENÉ OROZCO: Fiscal policy and the cycle 
in Latin America: the role of fi nancing conditions and fi scal rules.
1605  ANA LAMO, ENRIQUE MORAL-BENITO and JAVIER J. PÉREZ: Does slack infl uence public and private labour 
market interactions?
1606  FRUCTUOSO BORRALLO, IGNACIO HERNANDO and JAVIER VALLÉS: The effects of US unconventional monetary 
policies in Latin America.
1607  VINCENZO MERELLA and DANIEL SANTABÁRBARA: Do the rich (really) consume higher-quality goods? Evidence from 
international trade data.
1608  CARMEN BROTO and MATÍAS LAMAS: Measuring market liquidity in US fi xed income markets: a new synthetic 
indicator.
1609  MANUEL GARCÍA-SANTANA, ENRIQUE MORAL-BENITO, JOSEP PIJOAN-MAS and ROBERTO RAMOS: Growing like 
Spain: 1995-2007.
1610  MIGUEL GARCÍA-POSADA and RAQUEL VEGAS: Las reformas de la Ley Concursal durante la Gran Recesión.
1611  LUNA AZAHARA ROMO GONZÁLEZ: The drivers of European banks’ US dollar debt issuance: opportunistic funding 
in times of crisis?
1612  CELESTINO GIRÓN, MARTA MORANO, ENRIQUE M. QUILIS, DANIEL SANTABÁRBARA and CARLOS TORREGROSA: 
Modelling interest payments for macroeconomic assessment.
1613  ENRIQUE MORAL-BENITO: Growing by learning: fi rm-level evidence on the size-productivity nexus.
1614  JAIME MARTÍNEZ-MARTÍN: Breaking down world trade elasticities: a panel ECM approach.
1615  ALESSANDRO GALESI and OMAR RACHEDI: Structural transformation, services deepening, and the transmission 
of monetary policy.
1616  BING XU, ADRIAN VAN RIXTEL and HONGLIN WANG: Do banks extract informational rents through collateral?
1617  MIHÁLY TAMÁS BORSI: Credit contractions and unemployment.
1618  MIHÁLY TAMÁS BORSI: Fiscal multipliers across the credit cycle.
1619  GABRIELE FIORENTINI, ALESSANDRO GALESI and ENRIQUE SENTANA: A spectral EM algorithm for dynamic 
factor models.
1620  FRANCISCO MARTÍ and JAVIER J. PÉREZ: Spanish public fi nances through the fi nancial crisis.
1621  ADRIAN VAN RIXTEL, LUNA ROMO GONZÁLEZ and JING YANG: The determinants of long-term debt issuance by 
European banks: evidence of two crises.
1622  JAVIER ANDRÉS, ÓSCAR ARCE and CARLOS THOMAS: When fi scal consolidation meets private deleveraging.
1623  CARLOS SANZ: The effect of electoral systems on voter turnout: evidence from a natural experiment.
1624  GALO NUÑO and CARLOS THOMAS: Optimal monetary policy with heterogeneous agents.
1625  MARÍA DOLORES GADEA, ANA GÓMEZ-LOSCOS and ANTONIO MONTAÑÉS: Oil price and economic growth: 
a long story?
1626  PAUL DE GRAUWE and EDDIE GERBA: Stock market cycles and supply side dynamics: two worlds, one vision?
1627 RICARDO GIMENO and EVA ORTEGA: The evolution of infl ation expectations in euro area markets.
1628 SUSANA PÁRRAGA RODRÍGUEZ: The dynamic effect of public expenditure shocks in the United States.
1629 SUSANA PÁRRAGA RODRÍGUEZ: The aggregate effects of government incometransfer shocks - EU evidence.
1630  JUAN S. MORA-SANGUINETTI, MARTA MARTÍNEZ-MATUTE and MIGUEL GARCÍA-POSADA: Credit, crisis 
and contract enforcement: evidence from the Spanish loan market.
1631  PABLO BURRIEL and ALESSANDRO GALESI: Uncovering the heterogeneous effects of ECB unconventional 
monetary policies across euro area countries.
1632  MAR DELGADO TÉLLEZ, VÍCTOR D. LLEDÓ and JAVIER J. PÉREZ: On the determinants of fi scal non-compliance: 
an empirical analysis of Spain’s regions.
1633  OMAR RACHEDI: Portfolio rebalancing and asset pricing with heterogeneous inattention.
1634  JUAN DE LUCIO, RAÚL MÍNGUEZ, ASIER MINONDO and FRANCISCO REQUENA: The variation of export prices 
across and within fi rms.
1635  JUAN FRANCISCO JIMENO, AITOR LACUESTA, MARTA MARTÍNEZ-MATUTE and ERNESTO VILLANUEVA: 
Education, labour market experience and cognitive skills: evidence from PIAAC.
1701  JAVIER ANDRÉS, JAVIER J. PÉREZ and JUAN A. ROJAS: Implicit public debt thresholds: an empirical exercise 
for the case of Spain.
1702  LUIS J. ÁLVAREZ: Business cycle estimation with high-pass and band-pass local polynomial regression.
1703  ENRIQUE MORAL-BENITO, PAUL ALLISON and RICHARD WILLIAMS: Dynamic panel data modelling using maximum 
likelihood: an alternative to Arellano-Bond.
1704  MIKEL BEDAYO: Creating associations as a substitute for direct bank credit. Evidence from Belgium.
1705  MARÍA DOLORES GADEA-RIVAS, ANA GÓMEZ-LOSCOS and DANILO LEIVA-LEON: The evolution of regional 
economic interlinkages in Europe.
1706  ESTEBAN GARCÍA-MIRALLES: The crucial role of social welfare criteria for optimal inheritance taxation.
1707  MÓNICA CORREA-LÓPEZ and RAFAEL DOMÉNECH: Service regulations, input prices and export volumes: evidence 
from a panel of manufacturing fi rms.
1708  MARÍA DOLORES GADEA, ANA GÓMEZ-LOSCOS and GABRIEL PÉREZ-QUIRÓS: Dissecting US recoveries.
1709  CARLOS SANZ: Direct democracy and government size: evidence from Spain.
1710  HENRIQUE S. BASSO and JAMES COSTAIN: Fiscal delegation in a monetary union: instrument assignment 
and stabilization properties.
1711 IVÁN KATARYNIUK and JAIME MARTÍNEZ-MARTÍN: TFP growth and commodity prices in emerging economies.
1712  SEBASTIAN GECHERT, CHRISTOPH PAETZ and PALOMA VILLANUEVA: Top-down vs. bottom-up? Reconciling 
the effects of tax and transfer shocks on output.
1713  KNUT ARE AASTVEIT, FRANCESCO FURLANETTO and FRANCESCA LORIA: Has the Fed responded to house 
and stock prices? A time-varying analysis.
1714  FÁTIMA HERRANZ GONZÁLEZ and CARMEN MARTÍNEZ-CARRASCAL: The impact of fi rms’ fi nancial position on 
fi xed investment and employment. An analysis for Spain.
1715  SERGIO MAYORDOMO, ANTONIO MORENO, STEVEN ONGENA and MARÍA RODRÍGUEZ-MORENO: “Keeping it 
personal” or “getting real”? On the drivers and effectiveness of personal versus real loan guarantees.
1716  FRANCESCO FURLANETTO and ØRJAN ROBSTAD: Immigration and the macroeconomy: some new empirical evidence.
1717  ALBERTO FUERTES: Exchange rate regime and external adjustment: an empirical investigation for the U.S.
1718  CRISTINA GUILLAMÓN, ENRIQUE MORAL-BENITO and SERGIO PUENTE: High growth fi rms in employment and 
productivity: dynamic interactions and the role of fi nancial constraints.
1719  PAULO SOARES ESTEVES and ELVIRA PRADES: On domestic demand and export performance in the euro area 
countries: does export concentration matter?
1720  LUIS J. ÁLVAREZ and ANA GÓMEZ-LOSCOS: A menu on output gap estimation methods.
1721  PAULA GIL, FRANCISCO MARTÍ, JAVIER J. PÉREZ, ROBERTO RAMOS and RICHARD MORRIS: The output effects 
of tax changes: narrative evidence from Spain.
1722  RICARDO GIMENO and ALFREDO IBÁÑEZ: The eurozone (expected) infl ation: an option’s eyes view.
1723  MIGUEL ANTÓN, SERGIO MAYORDOMO and MARÍA RODRÍGUEZ-MORENO: Dealing with dealers: sovereign 
CDS comovements.
1724  JOSÉ MANUEL MONTERO: Pricing decisions under fi nancial frictions: evidence from the WDN survey.
1725 MARIO ALLOZA: The impact of taxes on income mobility.
Unidad de Servicios Auxiliares
Alcalá, 48 - 28014 Madrid
E-mail: publicaciones@bde.es
www.bde.es
